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ABSTRACT	
Ground	penetrating	radar	(GPR)	surveys	have	been	conducted	to	identify	the	size,	shape	and	
orientation	of	relict	lateral	spread	fissures	created	during	the	New	Madrid	earthquakes	of	1811	
and	1812.		Aerial	imagery	was	used	to	locate	regions	with	elongate	vented	sand	indicative	of	
large-scale	fissures.		Five	GPR	surveys	were	conducted	over	these	areas	and	correlated	to	two	
trenches	and	one	hand-dug	pit.		Panda	cone	penetration	tests	(Panda	CPT)	were	performed	at	
three	sites	and	correlated	to	the	GPR	data.		3D	GPR	models	were	created	for	each	GPR	survey,	
and	grain	size	analyses	were	performed	for	sediment	samples	taken	from	both	trenches	and	
the	pit.	
Correlation	of	the	GPR	data	and	the	trenches	indicate	the	GPR	surveys	accurately	identified	the	
sizes,	orientations	and	locations	of	the	fissures.		The	Panda	CPT	soundings	correlated	closely	
with	the	GPR	data	indicating	that	they	could	correctly	identify	sand	intrusions	and	lithological	
changes	in	the	subsurface.		Interpolations	of	the	GPR	data	for	the	two	sites	with	trenches	
generated	3D	volumes	that	correlated	closely	with	zones	of	oxidation	that	were	visible	within	
the	sand	units	viewed	in	the	trenches.		It	is	speculated	that	the	3D	volumes	generated	for	the	
remaining	sites	also	correlate	with	zones	of	oxidation	or	light	cementation	within	the	sand	
units.	
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CHAPTER	1	
INTRODUCTION	
Liquefaction-induced	ground	failures	initiated	during	seismic	events	are	a	major	cause	of	
damage	and	economic	loss.		Ground	failures	resulting	in	lateral	displacement,	building	
settlement	and	inclination,	flow	failures,	and	floating	of	buried	structures	damage	nearly	all	
forms	of	infrastructure,	including	bridges,	tunnels,	and	pipelines;	building	foundations;	earth	
structures,	such	as	levees	and	dams;	and	energy-related	structures,	such	as	nuclear	power	
plants.			
Studies	of	relict	liquefaction	features	help	engineers	and	geoscientists	understand	earthquake-
induced	liquefaction	and	the	damage	it	causes.		The	size	and	spatial	distributions	of	liquefaction	
features	from	modern	earthquakes	are	used	to	interpolate	the	magnitudes	and	locations	of	
paleoseismic	events,	while	relict	liquefaction	features	can	be	used	to	estimate	the	timing	and	
magnitude	of	ancient	earthquakes	and	to	locate	earthquake	epicenters,	helping	to	improve	the	
understanding	of	fault	zone	behavior	(Tuttle,	2001).		Liquefaction	commonly	occurs	at	the	same	
site,	despite	the	tendency	for	liquefied	sediments	to	densify.		This	recurrence	has	been	
observed	in	locations	where	earthquakes	were	both	closely	and	widely	separated	in	time	
(Obermeier,	1996).		Understanding	the	liquefaction-induced	ground	failures	caused	during	
paleoseismic	events	can	help	engineers	identify	areas	that	are	more	susceptible	to	a	recurrence	
of	liquefaction	and	the	potential	damage	that	may	be	caused.	
1.1	Recent	seismic	events	with	extensive	liquefaction-induced	ground	failures	
This	section	provides	details	concerning	three	earthquakes	within	the	last	half-century	that	
caused	notable	liquefaction-induced	ground	failures.		The	1964	earthquake	in	Niigata,	Japan	
and	the	2010	earthquake	in	Haiti	resulted	in	extensive	damage	to	structures	and	infrastructure,	
while	the	Midorigoaka,	Japan	earthquakes	are	used	as	an	example	of	liquefaction	recurring	
many	times	in	the	same	location.	
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1.1.1	Niigata,	Japan	earthquake	of	1964	
In	1964,	the	city	of	Niigata	and	its	surrounding	villages	located	along	the	coast	of	the	Sea	of	
Japan	experienced	extensive	damage	from	an	earthquake	of	magnitude	7.5.	Liquefaction-
related	lateral	spreading,	subsidence,	and	venting	of	large	quantities	of	sand	and	water	were	
widespread	throughout	the	extinct	river	channels	situated	along	the	flood	plains	of	the	Shinano	
and	Anagano	rivers.		The	alluvium	in	this	region	consisted	of	fine	to	coarse	sand,	many	meters	
in	thickness.		A	high	percentage	of	the	heavy	structures	built	on	these	liquefied	soils	were	
damaged	due	to	subsidence	and	tilting.		In	one	instance,	a	building	was	completely	overturned	
(Figure	1.1).		There	were	many	reports	of	the	soil	behaving	like	a	liquid,	causing	light	objects	
that	were	once	buried	to	float	to	the	surface,	and	pressurized,	water-saturated	sand	from	the	
subsurface	to	be	ejected	high	into	the	air	(Kawasumi,	1968).		In	addition	to	the	damage	to	
buildings,	liquefaction-related	lateral	displacements	caused	extensive	damage	to	roads	and	
bridges,	including	the	collapse	of	the	Showa	bridge	which	was	caused	by	lateral	displacement	of	
several	meters	(Figure	1.2)	(Kazama	et	al.,	2008).	
	
Figure	1.1:	Apartment	buildings	leaning	as	a	result	of	soil	liquefaction	caused	during	the	Niigata	
earthquake	of	1964.		Photo	credits:	(a)	NOAA	National	Geophysical	Data	Center,	(b)	Kawasumi	
(1968).	
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Figure	1.2:	Damage	caused	by	liquefaction-related	lateral	displacement	during	the	Niigata	
earthquake	of	1964:	(a)	collapse	of	the	Showa	bridge.	Photo	credit:	NOAA	National	Geophysical	
Data	Center;	(b)	destruction	of	a	road	(Kawasumi,	1968).	
1.1.2	Haiti	earthquake	of	2010	
In	January	2010,	Haiti	experienced	an	earthquake	of	magnitude	7.0	that	caused	extensive	
liquefaction	and	lateral	spreading	along	the	Gulf	of	Gonâve	and	along	several	inland	rivers	and	
streams.		Liquefaction-induced	failures	generally	occurred	in	artificially-placed	fills	that	had	
been	placed	for	urban	development	and	in	Holocene-aged	delta	fan	lobes	in	coastal	areas	
(Olson	et	al.,	2011).		The	most	extensive	damage	was	caused	at	the	Port	International	de	Port-
au-Prince	where	damage	from	liquefaction-induced	ground	failures	rendered	it	inoperable	and	
greatly	inhibited	disaster	relief	efforts	for	the	areas	of	Haiti	affected	by	the	earthquake	(Green	
et	al.,	2011).		Green	et	al.	(2011)	performed	an	extensive	evaluation	of	the	ground	failures	at	
the	port.	Pre-	and	post-earthquake	photographs	are	presented	in	Figure	1.3.		The	entire	North	
Wharf	and	portions	of	the	South	Wharf	collapsed,	and	vented	sand	from	sand	blows	is	visible	in	
the	post-earthquake	photos	as	light-colored	patches	(Figure	1.3b).		Green	et	al.	(2011)	
identified	six	major	areas	with	lateral	spread	failures,	as	indicated	in	Figure	1.3b,	and	detailed	
the	ground	failures	of	the	western	edge	of	the	North	Wharf,	as	illustrated	in	Figure	1.3c.		
Geotechnical	studies	and	construction	records	indicated	that	the	port	was	built	on	artificially-
placed	sandy	fill	(Green	et	al.,	2011).			
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Olson	et	al.	(2011)	evaluated	other	coastal	sites	and	inland	rivers	that	experienced	liquefaction-
induced	ground	failures.	Approximately	400	m	of	coastline	near	the	village	of	Grand	Gonâve	
and	330	m	of	coastline	near	the	village	of	Fouche	were	lost	due	to	lateral	spreading,	as	
illustrated	in	Figure	1.4.		At	both	sites,	moderate-sized	sand	blows	had	developed	along	the	
inland	side	of	the	failures,	further	indicating	that	the	lateral	spreading	was	liquefaction-
induced.		The	team	also	encountered	a	three-story	hotel	west	of	the	village	of	L’Acul	that	had	
tilted	30°	and	sunk	1.5	m	into	the	soft,	liquefied	foundation	soil	(Figure	1.5).		The	hotel	was	also	
surrounded	by	a	few	scattered	sand	blows.		Geotechnical	studies	indicated	that	the	soil	at	this	
site	consisted	of	loose	sand	overlaying	dense	beach	sand	near	the	surface	(Olson	et	al.,	2011).	
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Figure	1.3:	Pre-	and	post-earthquake	photographs	of	the	Port	International	de	Port-au-Prince,	
(a)	prior	to	the	earthquake;	(b)	after	the	earthquake	illustrating	collapse	of	the	North	and	South	
Piers	(red	lines),	ground	failures	marked	with	“F”,	and	vented	sand	from	sand	blows	visible	as	
light-colored	patches;	and	(c)	aerial	view	and	schematic	of	the	ground	failure	at	the	western	
end	of	the	North	Wharf	(after	Green	et	al.,	2011).		
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Figure	1.4:	Pre-	and	post-earthquake	photographs	of	the	coastlines	near	the	villages	of	(a)	
Grand	Gonâve	and	(b)	Fouche	(after	Olson	et	al.,	2011).	The	land	areas	that	failed	during	the	
earthquake	are	outlined	in	each	photograph.	
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Figure	1.5:	Hotel	in	Haiti	that	sank	and	tilted	into	liquefied	foundation	soil:	(a)	viewed	to	the	
southeast,	(b)	damage	to	the	northeast	corner	of	the	building,	and	(c)	the	uplifted	southeast	
corner	of	the	building	(after	Olson	et	al.,	2011).		
1.1.3	Repeated	earthquakes	in	Midorigoaka,	Japan	
Midorigoaka,	Japan,	located	900	km	northeast	of	Tokyo,	has	experienced	numerous	
earthquakes	in	the	past	four	decades	with	recurring	damage	from	liquefaction-induced	ground	
movement.		Midorigoaka	is	situated	on	a	Pleistocene	terrace	consisting	of,	from	upper	to	
lower,	a	unit	of	volcanic	ash,	a	unit	of	volcanic	sandy	soil,	and	a	unit	consisting	of	sand,	gravel,	
silt,	or	clay.		The	terrace	is	bisected	by	a	deep	valley	that	has	been	filled	with	soils	cut	from	the	
terrace	for	the	purpose	of	land	development	(Wakamatsu	and	Yoshida,	2008).			
Earthquakes	between	magnitudes	7.1	and	8.3	occurred	during	the	years	1973,	1993,	1994,	and	
2004.		Liquefaction-induced	ground	failures,	including	slope	failures,	subsidence,	and	sand	
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venting	occurred	during	each	of	these	events	in	the	same	general	areas.		The	ground	failures	
resulted	in	the	collapse	of	retaining	walls	and	differential	settlement	of	wooden	houses,	
underground	pipelines,	and	foundations.		In	many	locations,	these	structures	were	also	
displaced	laterally	by	30	to	50	cm	(Wakamatsu	and	Yoshida,	2008).			
Geotechnical	investigations	indicated	that	the	majority	of	settlement	and	sand	venting	
occurred	over	areas	of	thick	fill	with	level	ground,	while	lateral	displacement	occurred	along	
areas	of	the	valley	with	thick	fill	and	a	relatively	steep	slopes.		A	cross-section	of	the	valley	
(Figure	1.6)	shows	the	prominent	locations	of	sand	venting	(sand	boils)	and	slope	failure	in	
relation	to	fill	thickness	and	valley	slope	(Wakamatsu	and	Yoshida,	2008).	
	
	
Figure	1.6:	A	cross-section	of	the	valley	bisecting	the	Midorigoaka	terrace.		The	prominent	
locations	of	sand	venting	(sand	boils)	and	slope	failure	in	relation	to	fill	thickness	and	valley	
slope	are	illustrated	(after	Wakamatsu	and	Yoshida,	2008).	
1.2	Complications	in	studying	relict	liquefaction	features	
Traditional	methods	for	identifying	field	sites	for	the	study	of	relict	liquefaction	features	involve	
the	use	of	aerial	imagery	and	field	investigations	based	on	historical	accounts	of	the	locations	of	
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these	features.		These	methods	are	limited	because	many	of	the	features	may	only	be	visible	in	
the	subsurface	and	many	surface	expressions	may	have	become	obscured	by	contemporary	
farming	practices	or	vegetation	(Obermeier,	1989;	Wolf	et	al.,	1998).			
Obermeier	(1989)	conducted	field	and	aerial	imagery	investigations	of	the	New	Madrid	seismic	
zone	and	noted	that	vegetation	greatly	limited	the	identification	of	relict	liquefaction	features.		
It	was	very	difficult	to	impossible	to	determine	the	density	of	these	features	in	a	high	
percentage	of	the	survey	area,	as	illustrated	on	a	map	of	dense	vegetation	coverage	presented	
in	Figure	1.7.			
Wolf	et	al.	(1998)	conducted	electromagnetic	induction	and	electrical	resistivity	surveys	in	an	
area	densely	populated	with	relict	liquefaction	features	within	the	New	Madrid	seismic	zone	in	
an	effort	to	assess	the	ability	of	these	geophysical	techniques	to	determine	the	size,	location,	
and	orientation	of	these	features.		Following	the	geophysical	surveys,	excavations	were	made	
and	compared	with	the	geophysical	surveys.		The	results	indicated	that	variations	in	the	
geophysical	surveys	primarily	reflected	the	sedimentological	changes	observed	in	the	trenches.		
The	authors	determined	that	the	two	techniques	when	used	in	combination	were	useful	in	
determining	the	location	and	spatial	features	of	earthquake-induced	liquefaction	features.	
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Figure	1.7:	Obermeier	(1989)	identified	areas	of	dense	vegetation	within	the	Saint	Francis	Basin	
of	the	New	Madrid	seismic	zone	that	inhibited	investigation	of	relict	liquefaction	features	
(modified	from	Obermeier,	1989).	
1.3	The	present	research	using	ground	penetrating	radar	surveys	
The	present	study	assesses	the	effectiveness	of	ground	penetrating	radar	(GPR)	in	identifying	
the	locations	and	3-dimensional	geometries	of	earthquake-induced	lateral	spread	fissures.		GPR	
surveys	were	performed	at	three	field	sites	in	the	New	Madrid	seismic	zone.		Trenches	were	
dug	at	two	of	the	sites,	a	pit	was	dug	by	hand	at	the	third	site,	and	the	geometries	were	
compared	to	GPR	survey	models.		Grain	size	distributions	and	Atterberg	limits	of	sediment	
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samples	taken	from	the	trenches	and	pit	were	also	performed,	and	Panda	cone	penetration	
tests	(Panda	CPT)	were	performed	at	two	of	the	field	sites.	
The	next	chapter	(Chapter	2)	reviews	the	mechanics	of	liquefaction	and	fluidization	and	the	
large-scale	ground	failures	and	deformations	created	during	seismic	events.		A	review	of	the	
New	Madrid	earthquakes	of	1811	and	1812	and	their	associated	relict	liquefaction	features	is	
given	in	Chapter	3.		Chapter	4	presents	the	methodology	of	the	field	site	selection	process,	the	
field	and	lab	analyses	performed,	and	the	computer	model	used	for	analyzing	GPR	data.		The	
results	and	analyses	are	presented	in	Chapter	5,	and	the	final	conclusions	are	summarized	in	
Chapter	6.	
	 	
	
	
	 12	
CHAPTER	2	
LIQUEFACTION	AND	FLUIDIZATION	
This	chapter	describes	the	basic	mechanics	of	liquefaction	and	fluidization	and	their	associated	
large-scale	deformation	products	in	the	sedimentary	record.		Many	of	these	deformation	
features	are	found	within	the	New	Madrid	seismic	zone	as	a	result	of	the	earthquakes	of	1811	
and	1812.	
2.1	The	processes	of	liquefaction	and	fluidization		
2.1.1	Liquefaction	mechanics	
Liquefaction	occurs	when	the	intergranular	shear	strength	of	a	saturated	sediment	decreases	
drastically	and	the	material	takes	on	the	consistency	of	a	heavy	liquid.		The	primary	stresses	
applied	to	saturated	sediments	were	described	by	Terzaghi	et	al.	(1996)	as	the	total	stress,	s,	
which	is	the	normal	force	applied	to	a	material,	and	the	pore	water	pressure,	u,	which	is	the	
stress	applied	by	water	occupying	the	void	space	between	particles.		The	total	normal	stress	
pushes	the	particles	together,	whereas	the	pore	water	pressure	pushes	the	particles	apart.		The	
effective	stress,	s’,	is	the	difference	between	the	total	stress	and	the	pore	water	pressure,	and	
can	be	described	as	the	additional	intergranular	stresses	beyond	the	pore	water	pressure:	
s’	=	s	-	u																																																																							(2.1)	
In	coarse-grained	sediments	(silts,	sands	and	gravels)	the	effective	stress	is	the	force	applied	to	
grains	from	particle-to-particle	contact.		A	change	in	effective	stress	results	in	a	change	in	the	
pore	volume	between	grains,	where	an	increase	in	effective	stress	causes	a	decrease	in	pore	
volume	(compression),	and	in	coarse	sediment	results	in	an	increase	in	the	sediment	shearing	
resistance	(Terzaghi	et	al.,	1996).	
Allen	(1982)	defines	the	shearing	resistance	as:	𝑇"# = 𝑐 + 𝐶𝜎ℎ*+ + 1 − 𝐶 𝜌ℎ/0 𝑔 − 𝜌𝑔ℎ/0 𝑡𝑎𝑛∅																								(2.2)	
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where	Txz	is	the	shearing	resistance,	c	is	the	granular	cohesion,	C	is	the	grain	concentration,	σ	is	
the	density	of	the	grains,	hgr	is	the	thickness	of	the	sedimentary	unit,	hfl	is	the	thickness	of	the	
water	layer,	ρ	is	the	density	of	standing	water,	g	is	acceleration	due	to	gravity,	and	∅	is	the	
friction	angle	of	the	material.		An	illustration	of	a	partially	water-saturated	cohesionless	
sediment	is	shown	in	Figure	2.1.	Equation	2.2	thus	shows	the	granular	cohesion	and	a	second	
group	of	terms	that	equate	to	the	effective	stress	described	by	Terzaghi	et	al.	(1996),	i.e.,	𝜎′ = 𝐶𝜎ℎ*+ + 1 − 𝐶 𝜌ℎ/0 𝑔 − 𝜌𝑔ℎ/0 																																					(2.3)	
Granular	cohesion	is	effectively	equal	to	zero	in	coarse-grained	sediments,	so	the	shearing	
resistance	in	these	materials	is	proportional	to	the	effective	stress.		When	the	effective	stress	
approaches	zero,	liquefaction	occurs	(Allen,	1982).	
	
Figure	2.1:	Illustration	of	a	partially	water-saturated	cohesionless	sediment	(modified	from	
Allen,	1982).	
2.1.2	Susceptibility	to	liquefaction	
Sediments	that	are	most	susceptible	to	liquefaction	are	cohesionless	and	unconsolidated	but	
have	a	permeability	low	enough	to	prevent	rapid	drainage	of	pore	fluids	during	shaking,	namely	
silts	and	fine	sands.		Coarse	sands	and	gravels	have	high	permeability,	which	allows	pore	fluid	
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pressures	to	dissipate	too	quickly	for	liquefaction	to	occur;	however,	under	conditions	where	
the	saturated	unit	is	confined	by	an	impermeable	layer,	coarse	sands	and	gravels	may	become	
liquefied	as	the	pore	fluid	has	no	means	of	escape.		Clays	typically	have	high	porosity	but	low	
permeability	and	are	too	cohesive	for	grains	to	lose	contact,	making	them	much	less	susceptible	
to	liquefaction	(Terzaghi	et	al.,	1996).		Figure	2.2	illustrates	the	grain	size	distributions	that	are	
the	most	susceptible	to	liquefaction.		Additional	factors	that	contribute	to	the	susceptibility	of	a	
material	to	liquefaction	include	sediment	density,	grain	size,	shape,	and	gradation,	particle	
arrangement,	and	previous	liquefaction	and	stress	history	(Terzaghi	et	al.,	1996;	Obermeier,	
1989;	Allen,	1982).	
	
Figure	2.2:	Grain	sizes	that	are	susceptible	to	liquefaction	(after	Terzaghi	et	al.,	1996)	
2.1.3	Varieties	of	liquefaction	
Static	liquefaction	is	caused	by	an	increase	in	pore	water	pressure	in	a	stationary	material,	such	
as	the	seepage	of	water	through	a	material.		Dynamic	liquefaction	occurs	when	a	single	impulse	
or	load	is	applied	to	the	material.		Examples	of	this	are	differential	loading	and	explosive	
detonations.		Cyclic	liquefaction	is	the	result	of	a	repeated,	reversing	stress,	such	as	shaking	
during	an	earthquake	or	water	waves	(Allen,	1982).			
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Cyclic	shear	stress	from	earthquakes	
Earthquakes	disturb	sediments	by	subjecting	them	to	repeated	horizontal	shaking,	i.e.,	
periodically	reversing	shear	stress	while	being	confined	under	a	normal	stress,	which	is	
controlled	by	the	weight	of	the	overlying	lithological	units	and	the	water	table	(Figure	2.3).		The	
upward	propagation	of	shear	waves	causes	pore	water	pressure	to	increase	in	saturated,	
cohesionless	sediments	and	may	induce	liquefaction	(Allen,	1982;	Obermeier,	1989).		
Laboratory	studies	have	shown	that	cyclic	liquefaction	is	more	likely	when:	(1)	the	amplitude	of	
the	cyclic	shear	stress	increases,	(2)	the	number	of	loading	cycles	increase,	(3)	the	confining	
pressure	decreases,	(4)	the	concentration	of	grains	decreases,	and	(5)	the	grain	size	increases	to	
the	size	where	cohesion	becomes	small	enough	to	no	longer	counter	the	pore	water	pressure,	
as	with	silt-	and	sand-sized	particles.	Sediment	is	typically	susceptible	to	liquefaction	during	
earthquakes	of	magnitude	6	or	greater	and	when	the	sediment	is	located	between	2	to	5	m	
below	the	ground	surface;	however,	liquefaction	can	occur	at	much	greater	depths	with	
continued	shaking	(Allen,	1982;	Obermeier,	1989).		The	zone	of	liquefaction	in	relation	to	cyclic	
shear	stresses	and	resistance	to	liquefaction	of	the	sediment	is	illustrated	in	Figure	2.4.	
	
Figure	2.3:	Illustration	of	periodically-reversing	shear	stress	of	sediment	during	an	
earthquake	(after	Allen,	1982).		S	is	the	normal	stress	and	Txz	is	the	cyclic	shear	stress.	
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Figure	2.4:	Illustration	of	the	zone	of	liquefaction	during	earthquake	shaking.		C	is	number	of	
cycles	(after	Obermeier,	1989).	
2.1.4	Fluidization	mechanics	
Fluidization	is	similar	to	liquefaction	in	that	the	effective	stress	approaches	zero.	However,	
unlike	liquefaction	where	the	pore	fluid	is	effectively	passive,	i.e.	the	fluid	does	not	force	the	
grains	to	migrate,	the	vertical	pore	fluid	velocity	during	fluidization	actively	moves	the	particles	
(Allen,	1982).		Allen	(1982)	defines	two	varieties	of	fluidization:	stationary	fluidization	and	
translational	fluidization.		Stationary	fluidization	involves	upward	movement	of	the	fluid	
without	horizontal	or	vertical	migration	of	the	grain	mass,	although	migration	of	individual	
grains	relative	to	one	another	may	occur.		Translational	fluidization	involves	the	horizontal	or	
vertical	migration	of	the	grain	mass	and	is	involved	in	the	creation	of	the	deformation	features	
described	below	(Allen,	1982).	
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2.2	Large-scale	deformation	features	caused	by	liquefaction	and	fluidization	
The	deformational	features	described	in	this	section	relate	to	the	lithological	sequences	found	
in	the	New	Madrid	seismic	zone,	where	unconsolidated,	coarse-grained	sediment	is	overlain	by	
an	impermeable	clay	unit.		Several	of	the	deformation	structures	described	below	are	seen	in	
abundance	within	the	New	Madrid	seismic	zone,	and	their	relationship	with	the	earthquakes	of	
1811	and	1812	are	described	in	chapter	3.		
2.2.1	Hydraulic	fracturing	and	lateral	spreading	
Excess	pressure	within	a	liquefied	unit,	known	as	overpressure,	occurs	when	the	pore	fluid	
pressure	exceeds	that	of	the	hydrostatic	pressure,	i.e.	when	the	effective	stress	approaches	
zero.		This	is	often	created	in	lithological	sequences	where	an	unconsolidated,	porous	silt	or	
sand	is	overlain	by	an	impermeable	clay.		The	impermeable	clay	prevents	pore	fluids	from	
escaping	the	coarser	unit	below,	resulting	in	the	overburden	being	partially	supported	by	the	
excess	pore	fluid	pressure	(Jolly	and	Lonergan,	2002).			
When	the	water	table	is	high,	shear	resistance	between	units	is	considerably	lower	than	when	
the	water	table	is	low,	making	the	confining	unit	more	susceptible	to	failure,	often	spreading	
downslope.		Failure	in	clays	depends	largely	on	the	slope	angle	and	the	average	shearing	
resistance,	although	the	slope	angle	at	which	clays	that	overlie	a	cohesionless	sediment	fail	is	
largely	dependent	on	the	pore	water	pressure	of	the	underlying	sediment.		As	the	pore	water	
pressure	increases,	the	slope	angle	at	which	failure	occurs	will	decrease	(Terzaghi	et	al.,	1996).	
Continuous	shaking	during	an	earthquake	can	further	increase	the	pore	pressure	of	the	
unconsolidated	unit,	contributing	to	the	failure	of	the	confining	unit	(Obermeier,	1989).		An	
illustration	of	earthquake-induced	lateral	spreading	is	shown	in	Figure	2.5.	Failure	of	the	
confining	unit	can	result	in	the	deformations	described	below.	
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Figure	2.5:	Illustration	of	the	development	of	an	earthquake-induced	lateral	spread	fissure	with	
vented	sand.		u,	s,	and	s’	are	the	pore	water	pressure,	total	stress,	and	effective	stress	defined	
in	Equation	2.1.	
2.2.2	Clastic	intrusions	
Fissures	and	joints	created	by	hydraulic	fracturing	and	earthquakes	can	serve	as	conduits	
through	which	fluidized	sediments	migrate,	resulting	in	clastic	dike	and	sill	intrusions	(Figure	
2.6).	Clastic	intrusions	generally	follow	the	hydraulic	gradient	and	intrude	upward	and	laterally.		
Extensive	clastic	intrusion	networks	are	found	in	tectonically	active	regions	where	high	fluid	
pressures	develop	during	tectonic	activity	and	are	typically	internally	structureless,	though	
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some	non-equant	particles	exhibit	wall-parallel	preferred	orientation	(Jolly	and	Lonergan,	2002;	
Allen,	1982).	
	
Figure	2.6:	Sand	intrusions	associated	with	a	fissure	in	cohesive	cap	material	and	a	sand	volcano	
(after	Jolly	and	Lonergan,	2002).	
2.2.3	Sand	volcanoes	
Sand	volcanoes,	also	known	as	sand	blows,	are	conical-shaped	features	that	are	created	when	
fluidized	sediments	undergo	dewatering	upon	reaching	the	surface.		The	fluidized	sediment	is	
forcefully	ejected	and	falls	out	of	suspension	forming	the	characteristic	cone	shape	that	is	built	
by	layers	of	sediment	that	run	parallel	to	the	volcano	flanks	when	viewed	in	cross-section	
(Figure	2.7).		These	features	typically	exhibit	a	crater-like	depression	at	the	top	and	a	central	
fluidization	vent	that	is	also	visible	in	cross-section.		They	range	in	diameter	from	0.1	m	to	
several	meters	and	can	reach	up	to	0.5	m	in	height	(Allen,	1982;	Collinson	et	al.,	2006).		Sand	
volcanoes	can	be	fed	by	cylindrical	pipes	but	are	most	often	fed	by	tabular	dike	swarms,	and	
are	typically	found	with	other	fluidization	features	(Jolly	and	Lonergan,	2002).	
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Figure	2.7:	Cross-sectional	illustration	of	a	sand	blow	(modified	from	Allen,	1982).	
2.2.4	Fluidization	(sandstone)	pipes	
Sandstone	pipes	are	vertical	to	sub-vertical	cylindrical	bodies	of	sandstone	that	range	from	the	
meter-	to	decameter-scale	in	diameter	and	from	a	few	meters	to	several	tens	of	meters	in	
height.		They	tend	to	be	clustered	around	tectonic	zones	and	are	believed	to	be	basin-scale	
fluidization	features	(Collinson	et	al.,	2006).	
One	of	the	most	extensive	sandstone	pipe	clusters	yet	documented	is	a	system	of	over	100	
fluidization	pipes	in	the	area	between	the	San	Rafael	and	Colorado	lineaments	in	SE	Utah,	a	
region	that	was	intermittently	tectonically	active	during	the	Paleozoic-Cenozoic	(Huuse	et	al.,	
2005;	Netoff,	2002;	Ross	et	al.,	2014).		The	pipes	are	visible	in	cliff	exposures,	as	well	as	free-
standing	sandstone	columns	and	spires,	within	a	20,000	square	meter	area	(Figure	2.8).		They	
are	circular	to	oval-shaped	in	planform	with	a	sub-vertical	orientation	in	cross-section,	ranging	
from	a	few	meters	to	tens	of	meters	in	height.	The	pipes	contain	fine-grained,	homogenized	
sandstone	with	initial	high	porosity.		Venting	was	most	abundant	in	areas	containing	mudstone	
beds	and	layers	of	impermeable	limestone	and	evaporites	that	may	have	contributed	to	
overpressure	of	the	liquefied	sand,	believed	to	have	been	formed	during	tectonic	events	
(Huuse	et	al.,	2005;	Ross	et	al.,	2014).		The	pipes	predominantly	intrude	the	Entrada	Sandstone	
(eolian	in	origin)	with	some	intruding	the	Carmel	Formation	below.		A	stratigraphic	column	of	
this	lithological	series	is	shown	in	Figure	2.9.		Heterogeneous	cementation	of	the	Navajo	
Sandstone	resulted	in	the	formation	of	paleohills	within	the	Carmel	Formation	and	Entrada	
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Sandstone,	which	may	have	acted	as	loci	for	intrusions	(Ross	et	al.,	2014).		The	largest	reported	
pipes	reach	up	to	71	m	in	diameter	and	upwards	of	100	m	in	height.		Some	pipes	are	massive	
with	no	primary	sedimentary	structures,	while	others	contain	breccia	similar	in	lithology	to	the	
host,	and	yet	others	contain	sagged	or	down-faulted	beds.		The	terminus	of	each	pipe	has	been	
eroded	while	the	bases	are	at	depths	that	are	not	accessible,	making	the	source	difficult	to	
determine.			The	pipe	lithology	is	similar	to	that	of	the	Entrada	Sandstone,	which	has	been	
postulated	to	be	both	the	source	and	the	host	of	the	intrusions,	indicating	that	any	intrusion	
into	the	Carmel	Formation	would	have	been	forcible	from	above	(Netoff,	2002).	
		
Figure	2.8:	Fluidization	pipes	from	SE	Utah	(after	Huuse	et	al.,	2005).	
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Figure	2.9:	Stratigraphic	column	showing	the	units	hosting	large	fluidization	pipes	in	SE	Utah	
(after	Netoff,	2002).	
2.3	Liquefaction	and	fluidization	features	of	focus	for	the	present	study	
Earthquake-induced	liquefaction	and	fluidization	are	found	in	abundance	in	the	New	Madrid	
Seismic	Zone.		The	present	study	focuses	on	the	lateral	spread	fissures	created	during	the	
earthquakes	of	1811	and	1812.		The	lithology	and	distribution	of	these	features,	as	well	as	the	
geologic	history	of	the	New	Madrid	Seismic	Zone	is	discussed	in	the	Chapter	3.	
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CHAPTER	3	
THE	NEW	MADRID	EARTHQUAKES	OF	1811	AND	1812	
This	chapter	briefly	discusses	the	New	Madrid	earthquakes	of	1811	and	1812,	reporting	on	
personal	accounts	of	the	scenes	witnessed	by	inhabitants	at	the	time,	as	well	as	the	relict	
features	that	are	still	visible	today.		The	geological	setting	and	the	susceptibility	of	the	
sedimentary	deposits	to	liquefaction	and	fluidization	are	also	discussed.	
3.1	Geologic	Setting	
The	New	Madrid	seismic	zone	is	located	in	the	central	United	States	and	encompasses	portions	
of	southeastern	Missouri,	southern	Illinois,	southwestern	Kentucky,	western	Tennessee,	
northwestern	Mississippi	and	northeastern	Arkansas	(Figure	3.1)	(Obermeier,	1989).		The	
present	study	is	focused	in	the	Saint	Francis	Basin	in	the	northern	Mississippi	embayment	
where	seismic	activity	caused	extensive	disruption	during	the	earthquakes	of	1811	and	1812.	
The	Mississippi	embayment	hosts	two	sets	of	lowlands,	the	Saint	Francis	Basin	and	the	Western	
Lowlands,	which	were	formed	by	fluvial	erosion	from	the	Mississippi	and	Ohio	Rivers	and	their	
tributaries.		The	Saint	Francis	Basin	is	bound	to	the	east	by	uplands	of	Tertiary-aged	bedrock,	
while	the	Western	Lowlands	are	bound	to	the	west	by	uplands	of	Paleozoic	bedrock	(Figure	
3.2).		The	lowlands	are	separated	by	Crowley’s	Ridge,	a	remnant	of	the	Tertiary-aged	pre-
erosional	surface	(Obermeier,	1989).		A	generalized	cross-section	of	the	northern	Mississippi	
Embayment	is	shown	in	Figure	3.3.		Paleozoic	siltstones,	carbonates,	and	quartzites	are	overlain	
by	Mesozoic	marine	and	non-marine	deposits	and	alluvium	of	Quaternary	age	(Obermeier,	
1989).			
Multiple	glacial	cycles	during	the	Pleistocene	contributed	meltwater	and	outwash	to	
southward-flowing	river	systems	in	the	Mississippi	embayment	region,	resulting	in	thick	
deposits	of	coarse-grained	sediments.		A	decline	in	sediment	load	over	a	few	thousand	years	
led	to	erosion	of	these	deposits	creating	a	system	of	braided	stream	terraces.	This	braided	river	
system	transitioned	into	the	meandering	river	system	that	exists	today	following	a	decrease	in	
stream	discharge	in	the	early	Holocene	(Obermeier,	1989).			
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The	top	stratum	(upper	3	to	6	m)	within	the	Saint	Francis	Basin	consists	of	deposits	though	to	
be	created	during	abandonment	of	the	braided	stream	systems	and	by	overbank	deposition	
during	widespread	flooding	of	the	Mississippi	River.		These	deposits	consist	predominantly	of	
fine-grained	silty	or	clayey	sediments.		The	top	stratum	caps	thick	deposits	of	medium-	to	
coarse-	grained	glacial	outwash	sands	and	gravels	(Obermeier,	1989).		
Widespread	flooding	was	common	within	the	lowlands	prior	to	the	construction	of	manmade	
levees	and	drainage	ditches	along	the	Mississippi	River	in	the	1900’s.		Standing	water	
throughout	the	region	was	thus	common	for	a	large	portion	of	the	year	(Obermeier,	1989).		
During	this	time	frame,	the	impermeable	nature	of	the	fine-grained	top	stratum	and	the	
consistently	high	water	table	made	the	coarse	substratum	highly	susceptible	to	liquefaction.	
	
Figure	3.1:	Approximate	limits	of	the	New	Madrid	seismic	zone	(modified	from	Obermeier,	
2009).	
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Figure	3.2:	Map	of	the	upper	Mississippi	embayment	showing	lowlands	in	the	center	
surrounded	by	uplands	to	the	east	and	west	and	separated	by	Crowley’s	Ridge	in	the	middle.		
Also	shown	are	the	major	features	created	by	the	earthquakes	of	1811	and	1812,	as	observed	
by	Fuller,	1912	(modified	from	Obermeier,	1989).	A-A’	is	depicted	in	cross-section	in	Figure	3.3.	
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Figure	3.3:	Generalized	northwest	to	southeast	cross-section	of	the	Mississippi	Embayment	
showing	approximate	thickness	and	elevation	(after	Obermeier,	1989).		The	approximate	
location	of	the	A-A’	line	is	illustrated	in	Figure	3.2.			
3.2	Historical	accounts	of	the	New	Madrid	earthquakes	of	1811	and	1812	
On	December	16,	1811,	the	first	shock	in	the	series	of	earthquakes	now	known	as	the	New	
Madrid	earthquakes	of	1811	and	1812	occurred.		Contemporary	residents	within	the	New	
Madrid	seismic	zone	reported	that	the	shocks	were	so	severe	that	the	ground	rose	and	fell	like	
sea	waves,	creating	deep	cracks	in	the	earth	and	landslides	along	the	hillsides.		Vast	areas	of	
land	subsided	as	water	was	ejected	from	fissures	and	newly-formed	craters	(Fuller,	1912).	
3.2.1	Time,	magnitude,	and	lateral	range	of	the	earthquakes	
Three	major	shocks	occurred:	December	16,	1811;	January	23,	1812	and	February	7,	1812	with	
magnitudes	7.2,	7.1,	and	7.4,	respectively	(Obermeier,	1989).		Tremors	of	less	intensity	
occurred	daily	between	these	larger	tremors	and	for	several	weeks	thereafter.		A	diagram	of	
the	earthquake	activity	recorded	in	Louisville,	KY,	showing	the	number	and	intensity	of	shocks	
each	week	is	given	in	Figure	3.4	(Fuller,	1912).	
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Fuller	(1912)	subdivided	the	areas	affected	by	these	events	into	three	regions:	a	region	of	
marked	earth	disturbance,	a	region	of	slight	earth	disturbance,	and	a	region	of	tremors	only	
(Figure	3.5).		The	region	of	marked	disturbance	was	characterized	by	pronounced	disturbances	
such	as	fissures,	sand	blows,	extensive	landslides,	and	land	subsidence.		This	region	covers	
approximately	50,000	square	miles	from	New	Madrid,	Mo,	to	the	north	and	following	the	trend	
of	the	Mississippi	River	to	the	southwest.		
The	region	of	slight	earth	disturbance	is	characterized	by	minor	features,	such	as	the	caving	of	
banks,	and	extends	to	the	northeast	and	southwest	of	the	previous	region.		The	region	of	
tremors	was	far	more	extensive	in	all	directions	than	the	other	two	zones,	and	is	reported	to	
have	been	felt	by	residents	in	Canada,	on	the	Washita	River	in	Oklahoma,	in	New	Orleans,	and	
in	Boston,	covering	an	area	of	1,000,000	square	miles	(Fuller,	1912).	
	
Figure	3.4:	A	diagram	of	earthquake	activity	recorded	in	Louisville,	KY	(after	Fuller,	1912).	
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Figure	3.5:	Regions	of	marked	and	slight	earth	disturbance	from	the	New	Madrid	earthquakes	
of	1811	and	1812	(after	Fuller,	1912).	
3.2.2	Personal	accounts	
The	New	Madrid	area	at	the	time	of	the	earthquakes	was	sparsely	populated	and	thus	personal	
accounts	of	the	effects	are	limited,	yet	their	stories	paint	a	dramatic	picture.		Fuller	(1912)	
quoted	a	witness	named	Bringier	as	saying:	“It	seems	as	if	the	surface	of	the	earth	was	afloat	
and	set	in	motion	by	a	slight	application	of	immense	power,	but	when	this	regularity	is	broken	
by	a	sudden	cross	shove,	all	order	is	destroyed,	and	a	boiling	action	is	produced,	during	the	
continuance	of	which	the	degree	of	violence	is	greatest,	and	the	scene	most	dreadful.”		Others	
witnesses	described	the	scene	as	an	"undulation	of	the	earth	resembling	waves,	increasing	in	
elevation	as	they	advanced,	and	when	they	had	attained	a	certain	fearful	height	the	earth	
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would	burst."	Another	witness	named	Le	Sieur	said:	"The	earth	was	observed	to	roll	in	waves	a	
few	feet	high	with	visible	depressions	between.	By	and	by	these	swells	burst	throwing	up	large	
volumes	of	water,	sand,	and	coal."	(Fuller,	1912).	
Many	people	reported	sand	and	water	being	forcibly	ejected,	and	one	witness	described	these	
ejections	as:		
“….blowing	up	the	earth	with	loud	explosions.	It	rushed	out	in	all	quarters,	
bringing	with	it	an	enormous	quantity	of	carbonized	wood,	reduced	mostly	into	
dust,	which	was	ejected	to	the	height	of	from	10	to	15	feet,	and	fell	in	a	black	
shower,	mixed	with	the	sand,	which	its	rapid	motion	had	forced	along;	at	the	
same	time	the	roaring	and	whistling	produced	by	the	impetuosity	of	the	air	
escaping	from	its	confinement	seemed	to	increase	the	horrible	disorder….	In	the	
meantime	the	surface	was	sinking	and	a	black	liquid	was	rising	to	the	belly	of	my	
horse.”		
The	volume	of	extruded	water	in	places	was	said	be	sufficient	to	cover	many	miles	of	land	up	to	
some	1	to	1.2	m	(3-4	feet)	deep,	and	some	of	these	areas	were	still	submerged	seven	years	
after	the	events	(Fuller,	1912).	The	ejecta	consisted	predominantly	of	fine-	to	coarse-	grained	
sand	with	fragments	of	clay	and	lignite	accompanied	by	a	sulphurous-smelling	smoke	(Fuller,	
1912).	
Witnesses	also	described	the	ground	motions	to	be	in	both	the	vertical	and	horizontal	
directions.		The	vertical	motions	were	said	to	have	caused	terrible	noises	but	were	much	less	
destructive	than	the	horizontal	motions	(Fuller,	1912).	
3.3	Features	created	within	the	Saint	Francis	Basin	
3.3.1	Fissures	
Fissuring	was	one	of	the	most	common	effects	of	the	New	Madrid	earthquakes	and	was	
reported	by	nearly	every	witness	within	the	region.		Some	reports	stated	that	the	fissures	were	
wide	enough	to	“swallow	horses	or	cattle”,	being	6	to	9	m	(20	to	30	feet)	wide	and	183	to	213	
	
	
	 30	
m	(600	to	700	feet)	long.		Numerous	smaller	fissures	were	said	to	have	formed	along	river	
banks,	causing	settling	and	caving	of	the	earth.	Many	sand	dikes	were	also	reported	in	areas	
where	the	surface	did	not	fissure	and	the	fluidized	sand	was	not	expelled	(Fuller,	1912).		
Field	and	aerial	imagery	investigations	conducted	by	Obermeier	(1989)	showed	extensive	relict	
liquefaction	fissures	within	the	Saint	Francis	Basin.		Obermeier	(1989)	defined	fissures	as	
elongated	zones	of	vented	sand	having	two	origins:	i)	lateral	spreading	occurring	on	sloping	
ground	near	streams	and	ii)	narrow	cracks	on	level	ground	that	occurred	far	from	stream	banks.		
Relict	fissures	from	lateral	spreads	can	reach	up	to	0.5	m	wide,	but	exhibit	relatively	little	
vented	sand	at	the	surface,	while	the	fissures	from	narrow	cracks	were	found	to	be	associated	
with	much	larger	volumes	of	vented	sand	(Obermeier,	1989).		Long	fissures	were	abundant	in	
the	meander	belt	south	of	New	Madrid,	Mo,	and	were	much	more	common,	though	shorter,	
than	those	within	the	adjoining	braided-stream	alluvium	(Obermeier,	1989).		Fissures	within	the	
meander	belt	tended	to	follow	the	orientation	of	the	meander	deposits,	while	fissures	within	
the	braided	stream	alluvium	typically	followed	the	orientation	of	the	braided-stream	channels	
(Obermeier,	1989).		Figure	3.6	depicts	lateral	spread	fissures	along	the	Mississippi	River	south	
of	New	Madrid,	Mo,	that	follow	the	meanders	of	the	river,	whilst	Figure	3.7	shows	similar	
fissures	in	an	aerial	photograph	taken	near	Portageville,	Mo.	
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Figure	3.6:	Fissures	following	the	meander	curves	of	abandoned	channels	of	the	Mississippi	
River	south	of	New	Madrid,	Mo	(modified	from	Obermeier,	1989).	
	
Figure	3.7:	Aerial	photograph	of	fissures	near	Portageville,	Mo	(modified	from	Obermeier,	
1989).	
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3.3.2	Sand	blows	
Fuller	(1912)	also	reported	that	the	landscape	was	densely	populated	with	sand	blows	that	
were	typically	2.4	to	4.6	m	(8	to	15	feet)	in	diameter	and	76	to	152	mm	(3	to	6	inches)	in	height,	
with	some	sand	blows	reaching	30.5	m	(100	feet)	or	more	in	diameter	and	0.3	m	(1	foot)	in	
height.	
Obermeier	(1989)	observed	abundant	relict	sand	blows	within	the	Saint	Francis	Basin.		Figure	
3.8	shows	an	aerial	photograph	of	sand	blows	near	Blytheville,	AR.		The	sand	blows	are	
identified	as	light-colored	spots	and	occurred	in	clusters	in	this	area.		The	density	of	these	
features	appeared	to	correlate	more	closely	with	the	proximity	to	the	epicentral	line	(see	Figure	
3.2)	than	with	variations	in	sand	size	or	cap	thickness.		Obermeier	(1989)	also	reported	that	
sand	blow	density	was	greatest	in	areas	where	the	cap	was	6	to	7	m	thick,	and	sand	blow	
development	appeared	to	be	greatly	inhibited	where	the	cap	was	10	m	or	more	in	thickness.		
	
Figure	3.8:	Aerial	photograph	of	sand	blows	near	Blytheville,	Ar	(modified	from	Obermeier,	
1989).		The	features	appear	in	clusters	(outlined)	in	this	area.	
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3.4	Area	of	focus	for	the	present	study		
The	present	study	is	focused	primarily	on	the	area	to	the	north	and	northeast	of	Marked	Tree,	
AR	within	the	region	observed	by	both	Fuller	(1912)	and	Obermeier	(1989)	as	having	“marked	
fissuring”	(see	Figure	3.2).		Extensive	relict	fissures	in	this	area	are	still	visible	in	more	recent	
aerial	imagery.		Chapter	4	gives	a	detailed	description	of	the	field	site	selection	process	for	the	
present	study.	
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CHAPTER	4	
RESEARCH	METHODOLOGY	
This	chapter	explains	the	field	site	selection	process,	the	GPR	surveys	performed,	the	trenches	
dug	at	each	location,	and	the	analyses	of	sediment	samples	taken	from	the	trenches.	
4.1	Identification	of	lateral	spread	features	in	aerial	imagery	
4.1.1	USGS	orthophotoquads	from	1974	
Aerial	imagery	from	1974	shows	extensive	relict	lateral	spread	features	and	sand	blows	created	
during	the	New	Madrid	Earthquakes	of	1811	and	1812.		Examples	of	these	features	in	aerial	
imagery	are	presented	in	Figures	3.7	and	3.8.		USGS	orthophotoquads	covering	the	majority	of	
the	areas	within	Arkansas	and	southeastern	Missouri	were	available	in	hard	copy.		These	
orthophotoquads	were	scanned	using	a	large-format	scanner	at	a	resolution	of	600	DPI	and	
rectified	in	ESRI	ArcGIS	to	visualize	the	prevalence	of	features	in	specific	areas	and	to	identify	
exact	coordinates	of	potential	field	sites.		USGS	digital	orthophotoquads	(DOQs)	from	2006	are	
available	but	show	fewer	lateral	spread	features	due	to	farming	since	1974.		The	2006	DOQs	
were	used	to	reference	modern	farm	roads	to	access	potential	field	sites.		The	rectification	
process	involves	aligning	an	image	to	features	on	the	map	and	removing	extraneous	portions	of	
the	image.		The	complete	rectification	process	in	ESRI	ArcGIS	is	detailed	in	Appendix	A.			
4.1.2	Categorizing	lateral	spread	features	
Relict	lateral	spread	fissures	were	identified	in	aerial	imagery	as	light-colored,	elongated	
features	whose	long-axes	were	nearly	always	parallel	to	a	stream	or	river.		The	light	color	in	the	
images	shows	sand	that	was	vented	to	the	surface	during	the	lateral	spreading	event	and	the	
resulting	lack	of	vegetation	that	often	occurs	along	these	sandy	areas.		Meander	scroll	bars	are	
similar	in	appearance	to	lateral	spread	features	in	aerial	imagery,	but	are	typically	more	
continuous,	following	an	entire	bend,	and	are	found	on	the	inside	of	the	meander	(Figure	4.1).		
To	prevent	misidentification	between	the	two	features,	only	features	on	the	outside	of	the	
meander	bends	were	categorized	as	lateral	spread	features.	
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The	lateral	spread	features	were	categorized	into	ten	groups	based	on	location,	feature	
distribution,	size	(length	and	width),	and	proximity	to	rivers	or	streams.		Groups	were	then	
given	a	number,	1	through	10,	with	group	1	having	the	largest	features	and	the	densest	
distribution	and	group	10	having	the	smallest	features	with	the	least	dense	distribution	(Figure	
4.2).		Candidate	sites	within	each	group	were	then	given	a	priority	number	based	on	the	
prominence	of	the	features	at	that	site.		Sites	were	named	by	group-priority,	with	1	having	the	
highest	priority.		Sixteen	sites	were	initially	selected	for	preliminary	field	investigation	(Table	
4.1;	Figures	4.3-4.11).		Sites	at	the	southern	end	of	the	New	Madrid	seismic	zone	were	targeted,	
as	this	end	was	most	likely	to	be	affected	by	only	the	December	6,	1811	event,	the	
southernmost-located	major	earthquake	of	the	series.	
	
Figure	4.1:	Meander	scroll	bars	on	the	inside	of	river	meanders.	
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Figure	4.2:	Location	map	of	lateral	spread	feature	groups.	
Group-Priority	 Easting	 Northing	
1-1	 740976.54943	 3948460.37290	
1-2	 751003.70830	 3947888.07738	
1-3	 745609.81689	 3948664.71694	
1-4	 742557.66928	 3949284.72774	
2-1	 770213.75159	 3980370.28173	
2-2	 769979.17530	 3975464.68931	
3-1	 736460.85986	 3956726.67656	
4-1	 756386.91965	 3957074.08908	
5-1	 730416.27307	 3931956.07266	
5-2	 731341.65513	 3933564.74255	
6-1	 763849.87420	 3969939.61388	
6-2	 765153.22420	 3970583.71083	
7-1	 736127.82100	 3941928.02804	
8-1	 739387.80547	 3939875.76886	
9-1	 728359.70637	 3951211.89559	
10-1	 746984.10032	 3935710.63264	
Table	4.1:	UTM	coordinates	of	initial	field	sites,	WGS	1984	UTM	Zone	15N.	
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Figure	4.3:	Group	1	candidate	field	sites.	
(a)	
(b)	
(c)	
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Figure	4.3	(cont.)	
	
Figure	4.4:	Group	2	candidate	field	sites.	
	
(a)	
(d)	
(e)	
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Figure	4.4	(cont.)	
	
Figure	4.5:	Group	3	candidate	field	site.	
	
(a)	
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Figure	4.5	(cont.)	
	
Figure	4.6:	Group	4	candidate	field	site.	
(b)	
(a)	
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Figure	4.6	(cont.)	
	
	
Figure	4.7:	Group	5	candidate	field	sites.	
(a)	
(b)	
(b)	
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Figure	4.8:	Group	6	candidate	field	sites.	
	
Figure	4.9:	Groups	7	and	8	candidate	field	sites.	
(a)	
(b)	
(a)	
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Figure	4.9	(cont.)	
	
Figure	4.10:	Group	9	candidate	field	site.	
(b)	
(c)	
(a)	
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Figure	4.10	(cont.)	
	
	
Figure	4.11:	Group	10	candidate	field	site.	
	
(b)	
(a)	
(b)	
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4.2	Field	site	selection	
Initial	field	investigations	were	conducted	to	determine	site	accessibility	and	perform	
preliminary	soil	classifications	from	hand	auger	samples.		Single-line	GPR	surveys	were	also	
performed	to	identify	sites	with	suitable	GPR	penetration.		The	detailed	GPR	survey	grids	that	
were	subsequently	performed	are	described	in	Section	4.3.3.	
Following	the	initial,	single-line	GPR	surveys,	landowner	permission	was	sought	in	order	to	
perform	thorough	GPR	surveys	and	trenching	at	the	best	sites.		Dixie	Gin	Co.,	based	out	of	
Trumann,	AR,	granted	permission	to	perform	GPR	surveys	only	within	the	cotton	field	at	site	9-
1	and	allowed	for	a	small	pit	along	the	farm	road	at	site	9-1.		Ritter	Agribusiness,	based	out	of	
Marked	Tree,	AR,	granted	permission	to	perform	GPR	surveys	and	trenching	on	any	of	their	
properties	(Figure	4.12).		Only	one	of	the	initial	candidate	sites,	site	1-1,	was	located	directly	on	
Ritter	Agribusiness	property,	but	was	eliminated	during	the	initial	field	investigations	due	to	
poor	accessibility.		A	third	round	of	field	investigations	was	performed	to	locate	the	best	sites	
on	Ritter	Agribusiness	property.		Two	sites,	1-1	ALT	and	1-3	ALT,	were	then	selected.		They	were	
named	by	their	proximity	to	the	original	candidate	field	sites	(Table	4.2;	Figure	4.13).	
Permission	at	all	other	locations	was	not	granted.	
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Figure	4.12:	Location	of	Ritter	Agribusiness	properties	with	proximity	to	candidate	field	sites.	
Group-Priority	 Easting	 Northing	
1-1	ALT	 740279.47000	 3946338.39000	
1-3	ALT	 744198.39000	 3947171.09000	
9-1	 728359.70637	 3951211.89559	
Table	4.2:	UTM	coordinates	of	final	field	sites,	WGS	1984	UTM	Zone	15N.	
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Figure	4.13:	(a)	locations	of	the	three	final	field	sites	selected	for	study;	(b)	aerial	photograph	of	
site	1-1	ALT;	(c)	aerial	photograph	of	site	1-3	ALT.	
(a)	
(b)	
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Figure	4.13	(cont.)		
4.3	GPR	surveys	
4.3.1	Fundamentals	of	GPR	
GPR	utilizes	high	frequency	radar	waves	to	locate	geological	boundaries	within	the	subsurface.		
GPR	units	vary	in	frequency	from	12.5	MHz	to	1	GHz,	with	higher	frequencies	giving	higher	
resolution	but	less	depth	penetration.		A	GPR	unit	transmits	radio	waves	into	the	subsurface,	
which	are	reflected	back	to	the	surface	when	a	boundary	between	geologic	materials	of	
differing	dielectric	permittivity	is	reached	(Figure	4.14).		Dielectric	permittivity	is	determined	
primarily	on	the	soil	or	rock	lithology,	porosity,	and	saturation.		Radar	wave	intensity	is	
dependent	on	the	contrast	in	dielectric	permittivity	between	the	two	materials:	the	greater	the	
contrast,	the	higher	the	intensity.		GPR	does	not	work	well	in	areas	with	materials	of	high	
dielectric	permittivity,	such	as	wet	clay,	and	penetration	tends	to	be	very	low	through	these	
materials.		GPR	works	best	in	materials	with	lower	dielectric	permittivity	and	high	penetration,	
such	as	dry	sand.		The	GPR	receiver	measures	the	time	of	travel	of	the	radar	wave	between	the	
transmitter	and	the	receiver.		If	the	distance	from	the	radar	transmitter/receiver	to	and	from	
the	boundary	between	the	two	materials	is	known,	the	velocity	of	the	radar	wave	can	be	
determined	using	the	simple	equation:	𝑇𝑖𝑚𝑒 = 	𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒	𝑇𝑟𝑎𝑣𝑒𝑙𝑒𝑑 𝑉𝑒𝑙𝑜𝑐𝑖𝑡𝑦																																										(4.1)	
(c)	
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Radar	velocity	is	a	function	of	the	substrate	dielectric	permittivity	and	is,	therefore,	
characteristic	of	specific	geologic	materials.	The	dielectric	permittivity	of	a	material	is	
commonly	reported	as	the	relative	dielectric	permittivity.		According	to	Burger	et	al.	(2006),	the	
dielectric	permittivity	is	a	measurement	of	the	ability	of	a	material	to	store	an	electric	charge	
when	an	electric	field	is	applied.		The	relative	dielectric	permittivity	is	the	ratio	of	the	dielectric	
permittivity	of	the	material	to	that	of	free	space.		Table	4.3	shows	the	relative	dielectric	
permittivities	and	velocities	of	some	common	geologic	materials		
	
Figure	4.14:		Radio	waves	reflecting	off	of	a	boundary	created	by	substrates	of	differing	
dielectric	permittivities.		“T”	refers	to	the	GPR	transmitter	and	“R”	refers	to	the	GPR	receiver	
(after	Burger	et	al.,	2006).	
	
Material	 Relative	Dielectric	
Permittivity		
Radar	Velocity	(m-1ns)	
	 	 	Air	 1	 0.3	
Freshwater	 80	 0.033	
Salt	water	 81-88	 0.01	
Dry	sand	 3-10	 0.15	
Wet	sand	 20-30	 0.06	
Limestone	 4-8	 0.12	
Shale	 5-15	 0.09	
Clay	 5-40	 0.06-0.17	
Granite	 4-6	 0.13	
Ice	 3-4	 0.16	
Concrete	 6	 0.09	
Table	4.3:		Dielectric	permittivities	relative	to	air	and	velocities	of	some	common	geologic	
materials	(after	Burger	et	al.,	2006).	
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4.3.2	The	Pulse	Ekko	Noggin	GPR	unit	
A	Pulse	Ekko	Noggin	250	MHz	GPR	unit	manufactured	by	Sensors	&	Software	Inc.	with	a	
SmartCart	was	used	with	a	Trimble	AgGPS	EZ-Guide	Plus	Lightbar	Guidance	System	(Figure	
4.15).		GPR	traces	were	measured	every	0.05	m	with	230	points/trace	and	a	total	time	window	
of	92	ns/trace.		A	trace	is	the	location	where	a	radar	signal	is	pulsed	from	the	transmitter	and	
where	the	receiver	measures	the	pulse	returning	from	reflecting	layers.		GPS	coordinates	were	
recorded	every	5th	trace.	
	
Figure	4.15:		The	Pulse	Ekko	Noggin	unit	with	SmartCart	and	Trimble	AgGPS	EZ-Guide	Plus	
Lightbar	Guidance	System.		
4.3.3	GPR	survey	grids	
A	grid	was	designed	at	each	of	the	final	field	locations	to	cross	the	major	lateral	spread	features	
visible	in	the	1974	aerial	imagery.		Satellite	imagery	from	Google	Maps,	dated	from	2006,	was	
also	used	to	better-view	the	features	at	sites	1-3	ALT	and	9-1.		The	features	at	site	1-1	ALT	were	
not	visible	in	the	2006	imagery.		Multiple	distinct	features	were	visible	during	the	survey	at	site	
9-1,	and	thus	two	additional	closely-spaced	grids	(9-1	West	and	9-1	East)	were	surveyed	at	this	
location.		A	survey	was	also	performed	along	the	farm	road	at	site	9-1	where	a	pit	was	
authorized	by	the	landowner.		This	grid	was	named	“9-1	Pit”.			
	
	
	 51	
Figure	4.16	shows	the	GPR	grid	locations	and	GPR	survey	lines	at	each	site	overlain	on	the	aerial	
imagery	and	an	outline	of	the	vented	sand.		The	grid	at	site	1-1	ALT	(Figures	4.16a-b)	consisted	
of	five	lines,	which	were	40	m	in	length	and	spaced	5	m	apart.		The	grid	at	site	1-3	ALT	(Figures	
4.16c-d)	consisted	of	11	lines,	which	were	230	m	in	length	and	spaced	5	m	apart.		The	9-1	Large	
grid	(Figures	4.16e-f)	consisted	of	10	lines	that	were	250	m	in	length	and	spaced	10	m	apart.	
The	9-1	West	and	9-1	East	grids	(Figures	4.16g-i)	each	consisted	of	21	lines,	which	were	30	m	in	
length	and	spaced	1	m	apart.		The	grid	at	9-1	Pit	(Figure	4.16g;	Figure	4.16j)	was	surveyed	after	
the	pit	was	dug,	and	thus	the	survey	did	not	overlap	the	pit.		The	grid	consisted	of	11	lines	with	
lines	Y0-Y8,	Y9,	and	Y10	measuring	10	m,	3.5	m,	and	4	m	in	length,	respectively.		The	lines	were	
spaced	approximately	0.5	m	apart	with	lines	Y9	and	Y10	straddling	the	south	and	north	walls	of	
the	pit.		The	lines	of	this	grid	were	less	uniform	than	the	lines	of	the	other	grids	due	to	a	rocky	
ground	surface.		Any	potential	lateral	spread	features	at	this	location	were	obscured	in	the	
aerial	image	due	to	the	presence	of	a	farm	road,	and	thus	no	vented	sand	is	depicted	at	this	
location.		
	
Figure	4.16:	The	GPR	grid	locations	and	survey	lines	at	each	field	site.	
(a)	
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Figure	4.16	(cont.)	
(c)	
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Figure	4.16	(cont.)	
(e)	
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Figure	4.16	(cont.)	
(g)	
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Figure	4.16	(cont.)	
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Figure	4.16	(cont.)	
4.3.4	GPR	data	processing	
GPR	data	was	processed	using	GPR-Slice	software	supplied	by	the	Geophysical	Archaeometry	
Laboratory	in	Woodland	Hills,	California.	The	general	process	for	creating	a	3D	model	in	GPR-
Slice	involves	converting	the	GPR	data	into	a	format	that	can	be	used	by	the	software,	creating	
horizontal	“slices”	of	the	data	within	the	survey	area	that	aligns	the	time/depth	axis	between	
GPR	lines,	interpolating	the	amplitudes	between	GPR	lines	for	each	horizontal	slice,	and	then	
interpolating	between	horizontal	slices	along	the	vertical	axis.		A	step-by-step	guide	for	creating	
a	3D	model	in	GPR-Slice	is	given	in	Appendix	B.		Additional	information	about	the	software	is	
available	in	the	GPR-Slice	user	manual	(Goodman,	2012).	
	
	
(j)	
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4.4	Panda	CPTs	
4.4.1	Fundamentals	of	penetration	tests	
Penetration	tests	are	used	to	indirectly	measure	the	density	of	coarse-grained	soils	and	the	
consistency	of	fine-grained	soils.		Soil	density	and	consistency	give	an	indication	of	the	shear	
strength	of	the	soil	and	how	easily	a	soil	can	be	liquefied	(Holtz	et	al.,	2011;	Terzaghi	et	al.,	
1996).		Penetration	data	were	compared	to	GPR	radargrams	to	determine	the	consistency	
between	the	two	data	sets.	
4.4.2	Panda	CPT	equipment	
Typical	dynamic	cone	penetrometers	utilize	a	rod	with	a	conic	drive	point	that	is	driven	into	the	
ground	by	a	drop	hammer.		Electrical	varieties	use	strain	gage	load	cells	to	measure	point	
resistance	and	sleeve	friction,	as	shown	in	Figure	4.17a	(Holtz	et	al.,	2011;	Terzaghi	et	al.,	1996).		
A	Panda	lightweight	dynamic	cone	penetrometer	was	used	in	this	study.		The	Panda	system	
consists	of	a	rod	attached	to	a	device	head,	a	hand-held	hammer,	a	microprocessor,	and	a	
battery	(Figure	4.17b).		The	device	head	has	two	sensors	that	measure	hammer	blow	speed	and	
penetration	depth.		Hammer	blow	speed	is	measured	by	an	accelerometer	within	the	device	
head,	and	a	measuring	tape	attached	to	the	device	head	measures	depth	of	penetration.		The	
rods	used	were	2	cm2	in	cross-section,	and	the	hammer	weighed	4.5	kg	(10	lb).		With	each	
hammer	blow	to	the	device	head,	the	speed	and	depth	measurements	were	recorded	by	the	
microprocessor.		Point	resistance	could	then	be	calculated	using	the	following	equation:	
𝑞E = 	 FG	 . F IJ.KLFMNO 	. F"PQ°																																																									(4.2)	
where	x90°	is	the	penetration	depth	due	to	one	blow	of	the	hammer	(90°	cone),	A	is	the	area	of	
the	cone,	M	is	the	weight	of	the	striking	mass,	P	is	the	weight	of	the	struck	mass	(the	
cumulative	weight	of	the	rods),	and	V	is	the	hammer	blow	speed	(Langton,	1999).	
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Figure	4.17:	(a)	cross-section	of	a	typical	electrical	dynamic	cone	penetrometer	with	strain	gage	
load	cells	(after	Holtz	et	al.,	2011);	(b)	the	Panda	lightweight	penetrometer	(after	Langton,	
1999).	
4.4.3	Panda	CPT	sounding	locations	
Panda	CPT	surveys	were	performed	at	locations	1-3	ALT,	9-1	West,	and	9-1	East.		Six	soundings	
were	performed	at	1-3	ALT	at	10-m	intervals	along	GPR	line	Y5	(Figure	4.18a),	seven	soundings	
were	performed	at	9-1	West	at	10-ft	intervals	along	GPR	line	Y15	(Figure	4.18b),	and	seven	
soundings	were	performed	at	9-1	East	at	10-ft	intervals	along	GPR	line	Y15	(Figure	4.18c).	
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Figure	4.18:		The	locations	of	Panda	CPT	soundings	at	sites	(a)	1-3	ALT,	(b)	9-1	West,	and	(c)	9-1	
East.	
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Figure	4.18	(cont.)	
4.5	Trenching	
Trenches	were	dug	at	sites	1-1	ALT	and	1-3	ALT	to	compare	features	in	the	subsurface	with	the	
features	seen	in	the	GPR	data.		The	trenches	were	dug	using	a	1-m	back	hoe.		Additionally,	a	pit	
at	site	9-1	was	dug	by	hand	along	the	eastern	farm	road	running	parallel	to	the	Saint	Francis	
River.		Trench	and	pit	locations	were	chosen	by	the	GPR	survey	lines	with	the	best	clarity	and	
features	resembling	lateral	spread	fissures.	
4.5.1	Trench	at	site	1-1	ALT	
The	trench	at	site	1-1	ALT	was	dug	along	GPR	grid	line	Y0	(Figure	4.19).		The	trench	was	24	m	in	
length,	2	m	in	width,	and	1.5	m	in	depth.		This	trench	was	benched	1	m	across	its	width	to	
prevent	failure	of	the	trench	face.		The	northern	wall	of	the	trench	was	cleaned	using	trowels	
before	photographing	and	sampling.	
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A	panoramic	photograph	of	the	trench	is	shown	in	Appendix	C,	and	an	illustration	of	the	
lithological	units	is	given	in	Figure	4.20.		Sediment	samples	were	taken	at	the	points	indicated	in	
Figures	4.20	and	C.1b	and	are	described	in	Table	4.4.		A	sample	of	sediment	from	the	main	
fissure	was	taken	for	preparing	an	epoxy	sediment	peel.		The	sample	was	retrieved	using	a	
metal	sample	box	made	in	the	University	of	Illinois	Civil	Engineering	Machine	Shop	(Figure	
4.21a).		The	open	face	of	the	box	was	hammered	into	the	main	fissure	along	the	northern	wall	
of	the	trench	(Figure	4.21b),	and	the	box	was	subsequently	removed	by	carving	out	the	
sediment	around	the	periphery	of	the	sample	box.		
	
Figure	4.19:	Location	of	the	trench	at	site	1-1	ALT.	
	
Figure	4.20:	An	illustration	of	the	lithological	units	in	the	1-1	ALT	trench	with	sediment	sample	
locations.	
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Sample	 Description	
	 	1	 Silt	to	very	fine	sand	within	sand	unit		@4.3	m	
2	 Oxidized	sediment	at	base	of	sand	unit	@	4.3	m	
3	 Stiff	clay	from	clay	host	@	4.3	m	
4	 Silt	to	very	fine	sand	within	sand	unit	@11.3	m	
5	 Silt	to	very	fine	sand	from	middle	of	dike	@	18.7	m	
6	 Silt	to	very	fine	sand	along	edge	of	dike	@	19.2	m	
7	 Stiff	clay	from	clay	host	@19.5	m	
Table	4.4:	Sediment	hand	samples	taken	from	the	1-1	ALT	trench.		All	sample	locations	were	
measured	from	the	western	edge	of	the	trench.	
	
	
Figure	4.21:	(a)	specifications	of	the	sediment	sample	box;	(b)	retrieving	a	box	sample	from	the	
main	fissure	at	site	1-1	ALT.	
	
Box Top is an Open Face
3 in (76.2 mm)
1.5 in (38.1 mm)
48 in  (1
.2 m)
(Wall thickness)
1/16 in (1.6 mm)
1/4 in (6.4 mm)
Sample Box Specifications
**Not to scale**
(Bevel along rim  of open face)
(a)	
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Figure	4.21	(cont.)	
4.5.2	Trench	at	site	1-3	ALT	
The	trench	at	site	1-3	ALT	was	dug	between	GPR	survey	lines	Y5	and	Y6	and	was	16.5	m	in	
length,	2	m	in	width,	and	1.5	m	in	depth	(Figure	4.22).		This	trench	was	also	benched	1	m	across	
its	width	to	prevent	failure	of	the	trench	face.		The	southern	wall	of	the	trench	and	the	
horizontal	bench	surface	were	cleaned	using	trowels	before	photographing	and	sampling.	
A	panoramic	photograph	of	the	trench	is	shown	in	Appendix	D,	and	an	illustration	of	the	
lithological	units	is	given	in	Figure	4.23.		Sediment	samples	were	taken	at	the	points	indicated	in	
Figures	4.23	and	D.1b	and	are	described	in	Table	4.5.	
(b)	
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Figure	4.22:	(a)	location	of	the	trench	at	site	1-3	ALT;	(b)	photograph	of	the	trench	at	site	1-3	
ALT	taken	the	day	after	trenching.		The	main	fissure	was	washed	out	of	the	trench	wall	during	
heavy	rain	over	night.	
(b)	
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Figure	4.23:	An	illustration	of	the	lithological	units	in	the	1-3	ALT	trench	with	sediment	sample	
locations.	
	
Sample	 Description	
	 	1	 Silt	to	very	fine	sand	from	dike	@4.5	m	
2	 Clay	taken	from	clay	host	@4.7	m	
3	 Oxidized	sand	with	charcoal	fragments	@	10.2	m		
	 	
Table	4.5:		Sediment	hand	samples	taken	from	the	1-3	ALT	trench.		All	sample	locations	were	
measured	from	the	western	edge	of	the	trench.	
4.5.3	Pit	at	site	9-1	
The	GPR	survey	at	9-1	Pit	was	performed	directly	west	of	the	pit	(Figure	4.24).		The	pit	was	2	m	
in	length,	1	m	in	width,	and	1	m	in	depth	(Figure	4.25).		All	four	walls	and	the	floor	of	the	pit	
were	cleaned	using	trowels	before	photographing.		A	hole	was	dug	into	the	floor	of	the	pit	to	
view	a	sandy	dike	that	was	cutting	through	the	clay	floor.		Two	sediment	samples	were	taken	
(Figure	4.26):	sample	1	from	the	sand	unit	in	the	southwest	corner	of	the	wall	directly	above	
the	floor;	sample	2	from	the	sandy	dike	cutting	through	the	floor.	
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Figure	4.24:		The	location	of	the	pit	at	site	9-1.	
	
Figure	4.25:	(a)	photo	of	9-1	Pit	facing	north;	(b)	photo	of	9-1	Pit	facing	east.	
10	cm	
(a)	
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Figure	4.25	(cont.)	
	
Figure	4.26:		The	locations	of	the	two	samples	taken	from	the	9-1	pit.	
10	cm	
(b)	
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4.6	Sampling	techniques	and	analysis	
4.6.1	Epoxy	of	box	sample	
The	box	sample	of	the	1-1	ALT	dike	was	preserved	using	an	epoxy	mixture	of	60%	Resin	
(Araldite®	LY	1556)	and	40%	curing	agent	(Aradur®	955-2).		Approximately	12	mm	of	sediment	
was	scraped	from	the	exposed	surface	of	the	box	core	to	give	space	for	application	of	the	
epoxy.		The	epoxy	was	immediately	poured	onto	the	sample	after	mixing	and	allowed	to	reach	
approximately	75%	hardness	before	placement	of	a	25.4	mm	x	25.4	mm	x	1.2	m	(1	in	x	1	in	x	48	
in)	wooden	board	on	top	of	the	resin	(Figure	4.27).		The	sample	was	left	to	harden	completely	
for	an	additional	24	hours.	
A	putty	knife	was	used	to	separate	the	sample	from	the	box	edges	(Figure	4.28),	and	the	
wooden	board	was	used	to	pull	the	sample	free.		Once	removed,	the	sample	was	rinsed	under	a	
hose	to	remove	loose	sediment	and	allowed	to	air	dry.	
	
Figure	4.27:	A	photograph	of	the	sample	after	the	epoxy	mixture	was	poured.	
	
Figure	4.28:	Hardened	epoxy	sample	being	separated	from	the	sample	box	using	a	putty	knife.	
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4.6.2	Sieve,	hydrometer,	and	Atterberg	limits	analyses	
Sieve	and	hydrometer	analyses	(ASTM	D422)	were	performed	to	determine	the	distribution	of	
particle	sizes	in	the	sediment	samples.	Table	4.6	shows	the	sieve	numbers	and	corresponding	
opening	diameters	used	in	this	study,	as	well	as	the	grain	sizes	measured	in	the	hydrometer	
analyses.	
Sieve	analyses	were	performed	on	site	1-1	ALT	samples	2,	4,	5,	and	6,	site	1-3	ALT	samples	1,	2,	
and	3,	and	the	9-1	pit	samples	1	and	2.		Hydrometer	analyses	were	performed	on	site	1-1	ALT	
sample	1,	site	1-3	ALT	sample	2,	and	site	9-1	Pit	samples	1	and	2.	
Atterberg	limit	analyses	(ASTM	D4318)	were	performed	to	determine	the	liquid	limit,	plastic	
limit,	and	plasticity	index	of	site	1-1	ALT	samples	3	and	7	and	site	1-3	ALT	sample	3.	
Sieve	Analysis	 Hydrometer	Analysis	
Sieve	Num.	 Sieve	Opening	(mm)	
Diameter	Measured	
(mm)	
4	 4.76	 0.0347	
10	 2.00	 0.0223	
20	 0.84	 0.0129	
40	 0.42	 0.0091	
60	 0.25	 0.0065	
100	 0.150	 0.0032	
140	 0.105	 0.0023	
200	 0.075	 0.0013	
Table	4.6:	The	sieve	numbers	used	in	the	sieve	analysis	for	this	study.		
4.6.3	Grain	size	statistics	
Grain	size	statistics	were	calculated	using	GRADISTAT	(Blott	and	Pye,	2001),	a	software	program	
that	performs	sediment	analysis	using	a	variety	of	standard	statistical	methods.		Blott	and	Pye	
(2001)	state	that	the	Folk	and	Ward	method	is	the	most	accurate	for	samples	with	grain	size	
distributions	containing	fine	or	coarse	tails,	as	was	the	case	for	the	samples	in	this	study.		
GRADISTAT	uses	the	grain	size	classification	scheme	shown	in	Table	4.7	and	the	formulae	and	
values	for	grain	size	statistics	(mean,	sorting,	skewness,	and	kurtosis)	are	given	in	Table	4.8.		
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The	grain	size	descriptions	and	statistical	measurements	reported	in	chapter	5	utilize	these	
schemes.	
	
Table	4.7:	GRADISTAT	grain	size	classification	scheme.	
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Table	4.8:	The	grain	size	statistical	formulae	and	values	used	in	the	Folk	and	Ward	method	
(from	Blott	and	Pye,	2001).	
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CHAPTER	5	
RESULTS	AND	INTERPRETATION	
In	this	chapter,	the	data	and	results	from	the	GPR	surveys,	Panda	CPT	soundings,	3D	GPR	
models,	trenches	and	pit,	and	sediment	and	epoxy	samples	are	presented.		These	data	sets	are	
then	correlated	and	discussed	for	each	site.			
5.1	Site	1-1	ALT	
DESCRIPTION	
Data	collection	and	analyses	performed	at	site	1-1	ALT	consisted	of	a	GPR	survey,	a	trench	with	
sediment	samples,	and	an	epoxy	peel.		The	site	is	located	approximately	1-mile	north	of	
Lepanto,	AR,	and	approximately	0.6	miles	east	of	the	Right	Hand	Chute	of	Little	River	(Figure	
4.13a).		A	planar	view	of	the	GPR	survey	grid	and	the	trench	location	is	shown	in	Figure	4.19.	
5.1.1	GPR	radargrams	
GPR	survey	data	for	each	site	were	filtered	in	GPR-Slice	to	remove	linear	banding	noise.		Figure	
5.1	shows	the	raw	and	filtered	radargrams	for	each	line	in	the	1-1	ALT	GPR	grid,	with	the	raw	
radargrams	showing	horizontal	reflections	near	the	surface	and	at	depths	between	2.1	m	and	
2.4	m.		These	reflections	are	significantly	reduced	in	the	filtered	radargrams.		
The	radargrams	show	a	strong	reflection	between	0.4	m	and	2.2	m	in	depth,	which	slopes	
downward	from	both	the	west	and	east,	forming	a	V-shape	with	a	gap	at	the	center	of	the	V.		
This	gap	narrows	from	line	Y0	to	line	Y4,	exhibits	a	northeast-southwest	trend,	and	becomes	
shallower	toward	the	south.		A	grouping	of	multiple	weaker	reflections	is	visible	in	the	top	1	m	
above	the	gap	and	strong	reflection	in	each	radargram.	
The	radargram	gap	coincides	with	the	vented	sand	seen	in	aerial	imagery,	following	its	
directional	trend	but	falling	slightly	outside	the	perimeter	of	the	vented	sand	toward	the	north	
(Figure	5.2).		Table	5.1	shows	the	coordinates	and	depths	of	the	western	and	eastern	edges	of	
the	gap	along	each	line.			The	eastern	edge	of	the	gap	is	at	a	greater	depth	than	the	western	
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edge	in	every	line	except	line	Y2.		Additionally,	the	western	half	of	the	reflection	has	a	more	
irregular,	crumpled,	appearance	than	the	eastern	half	in	all	lines	but	Y1	and	Y2.		A	greater	
number	of	reflections	can	also	be	seen	on	the	western	side	of	the	gap	above	the	strong	
reflection,	than	on	the	eastern	side.	
	
Figure	5.1:	Raw	and	filtered	GPR	radargrams	for	site	1-1	ALT.		A	strong	reflection	is	seen	
between	depths	of	0.4	m	and	2.2	m	in	each	radargram,	and	groups	of	weaker	reflections	are	
seen	near	the	surface.	
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Figure	5.1	(cont.)	
	
	
	 75	
	
	
Figure	5.1	(cont.)	
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Figure	5.2:	Outline	of	the	gap	seen	in	the	1-1	ALT	GPR	radargrams	compared	to	the	vented	sand	
seen	in	aerial	imagery.	
GPR	
Line	
UTM	Coordinate	
of	Western	Edge	
UTM	Coordinate	
of	Eastern	Edge	
Width	of	
Gap	
Depth	of	
Western	Edge	
Depth	of	
Eastern	Edge	
Line	Y0	 740270.50	 740273.25	 2.75	m	 2.1	m	 2.2	m	
Line	Y1	 740269.75	 740271.75	 2.00	m	 1.9	m	 2.0	m	
Line	Y2	 740268.25	 740269.50	 1.25	m	 2.0	m	 1.9	m	
Line	Y3	 740268.00	 740269.25	 1.25	m	 1.8	m	 1.9	m	
Line	Y4	 740266.00	 740266.75	 0.75	m	 1.7	m	 1.8	m	
Table	5.1:	Coordinates	and	depths	of	the	western	and	eastern	edges	of	the	GPR	reflection	gap	
interpreted	from	1-1	ALT	GPR	radargrams.	
5.1.2	Trench	lithology	
The	24-m-long	trench	dug	at	site	1-1	ALT	exposed	three	sedimentary	units:	i)	a	shallow	unit	
consisting	of	heavily	tilled,	sandy	soil;	ii)	a	middle	unit	consisting	of	tan-colored	sand;	and	iii)	a	
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deeper	unit	consisting	of	stiff,	blue-gray	clay.		A	detailed	photographic	panorama	of	the	trench	
is	shown	in	Figure	C.1a,	and	an	illustration	of	these	sedimentary	units	is	shown	in	Figure	5.3.	
The	soil-sand	contact	was	irregular,	but	generally	horizontal	with	an	average	depth	below	the	
surface	of	0.5	m.		The	soil	and	sand	were	difficult	to	differentiate	due	to	their	similarity	in	
texture	and	color;	however,	the	soil	could	be	identified	by	its	more	abundant	plant	debris.	The	
sand	along	the	soil-sand	contact,	as	well	as	the	sand-clay	contact,	was	marked	by	a	series	of	
discontinuous	stringers	of	heavy	oxidation,	which	reached	up	to	0.04	m	in	thickness.		A	close-up	
of	the	oxidation	along	the	sand-clay	contact	is	shown	in	Figure	5.4a.		The	clay	unit	hosted	a	
1.25-m-wide,	sand-filled	dike	between	18.1	m	and	19.35	m	along	the	trench.		The	sand-clay	
contact	formed	a	V	shape,	deepening	from	both	the	east	and	the	west	toward	the	dike.		The	
contact	on	the	eastern	side	of	the	dike	was	0.1	m	deeper	than	the	contact	on	the	western	side	
(1.8	m	in	depth	and	1.7	m	in	depth,	respectively).	
The	sand	unit	was	thickest	(1.3	m)	directly	above	the	dike	and	pinched	out	about	18	m	to	the	
west	of	the	dike.		The	sand	unit	measured	0.9	m	in	thickness	at	the	eastern	extent	of	the	
trench,	approximately	4.5	m	east	of	the	dike.		The	stringers	of	highly	oxidized	sand	along	the	
sand-clay	boundary	were	darkest	in	color	close	to	the	dike,	with	the	remainder	of	the	sand	unit	
being	mottled	with	light-colored	iron	oxidation.		A	close-up	image	of	the	mottled	appearance	is	
shown	in	Figure	5.4b.		No	sedimentary	structures	were	visible	within	the	sand	unit.	
Figure	5.3:	Illustration	of	the	sedimentary	units	seen	in	the	trench	at	site	1-1	ALT.	
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Figure	5.4:	Photographs	of	the	trench	wall:	a)	sand-clay	contact	with	a	thick	stringer	of	oxidized	
sand;	b)	the	dike	showing	the	mottled	appearance	of	the	sand	and	stringers	of	oxidation	along	
the	sand-clay	contact.	
5.1.3	Sediment	samples	
Sediment	sample	locations	taken	from	the	trench	wall	are	shown	in	Figures	5.5	and	C.1b.			
Sieve	analyses	were	performed	on	samples	2,	4,	5,	and	6,	and	the	program	Gradistat	(Blott	and	
Pye,	2001)	was	used	to	compute	their	grain	size	statistics	(Table	5.2;	Figures	5.6	and	5.7).		
Sample	2	is	a	poorly	sorted,	slightly	gravelly,	coarse	sand	with	bimodal	distribution,	and	sample	
4	is	a	poorly	sorted,	slightly	gravelly,	medium	sand	that	is	coarse	skewed.		Sample	5	is	a	
moderately	sorted,	slightly	gravelly,	fine	sand	that	is	very	coarse	skewed,	whereas	sample	6	is	a	
moderately	sorted,	slightly	gravelly,	medium	sand.			
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Hydrometer	analysis	was	performed	on	sample	1	and	indicates	that	the	sample	consisted	of	
14.3%	clay	and	5.9%	or	more	of	silt	(Figure	5.8).		Atterberg	limits	were	determined	for	samples	
3	and	7	(Table	5.3).		Both	samples	consisted	of	inorganic	clay	of	high	plasticity,	following	the	
plasticity	chart	from	Holtz	et	al.,	2011	(Figure	5.9).		Complete	sediment	sample	data	sets	are	
shown	in	Table	E.1.	
	
Figure	5.5:	Locations	of	samples	taken	from	the	trench	at	site	1-1	ALT.	
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Sample	Number	 #2	 #4	 #5	 #6	
Sample	Type	 Bimodal,					
Poorly	Sorted	
Unimodal,		
Poorly	Sorted	
Unimodal,	
Moderately	Sorted	
Unimodal,									
Mod	Sorted	
Sediment	Name		 Slightly	Gravelly	
Coarse	Sand	
Slightly	Gravelly	
Medium	Sand	
Slightly	Gravelly		
Fine	Sand	
Slightly	Gravelly	
Medium	Sand	
Mean	 0.542	 0.317	 0.164	 0.275	
Sorting	 2.188	 2.107	 1.845	 1.778	
Skewness	 -0.004	 0.127	 0.339	 -0.067	
Kurtosis	 1.14	 1.48	 1.035	 1.218	
Mean	 Coarse	Sand	 Medium	Sand	 Fine	Sand	 Medium	Sand	
Sorting	 Poorly	Sorted	 Poorly	Sorted	 Moderately	Sorted	 Mod	Sorted	
Skewness	 Symmetrical	 Coarse	Skewed	 Very	Coarse	Skewed	 Symmetrical	
Kurtosis	 Leptokurtic	 Leptokurtic	 Mesokurtic	 Leptokurtic	
Mode	1	(mm)	 0.630	 0.335	 0.128	 0.335	
Mode	2	(mm)	 0.090	 		----	 		----	 		----	
D10	(mm)	 0.189	 0.135	 0.086	 0.130	
D50	(mm)	 0.531	 0.310	 0.147	 0.290	
D90	(mm)	 1.515	 0.786	 0.403	 0.628	
(D90	/	D10)	(mm)	 0.008	 0.006	 0.005	 0.005	
(D90	-	D10)	(mm)	 1.326	 0.652	 0.317	 0.499	
(D75	/	D25)	(mm)	 0.003	 0.002	 0.002	 0.002	
(D75	-	D25)	(mm)	 0.506	 0.232	 0.130	 0.193	
%	Gravel	 3.3%	 3.7%	 0.3%	 2.4%	
%	V	Coarse	Sand	 15.2%	 3.4%	 0.9%	 1.6%	
%	Coarse	Sand	 31.3%	 13.8%	 5.0%	 9.7%	
%	Medium	Sand	 29.3%	 44.1%	 13.1%	 47.2%	
%	Fine	Sand	 9.8%	 23.8%	 34.9%	 27.1%	
%	V	Fine	Sand	 4.3%	 8.2%	 32.8%	 8.9%	
%	Finer	than	Sand*	 6.9%	 3.0%	 13.0%	 3.0%	
*These	values	taken	directly	from	sieve	analysis	(not	calculated	in	Gradistat).	
Table	5.2:	Grain	size	statistics	of	1-1	ALT	sieve	samples	calculated	using	Gradistat.	
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Figure	5.6:	Grain	size	frequency	curves	for	1-1	ALT	sieve	samples.	
	
Figure	5.7:	Grain	size	distribution	curves	of	the	1-1	ALT	sieve	samples.	
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Figure	5.8:	Hydrometer	results	for	sample	#1	from	site	1-1	ALT.	
	
	 #3	 #7	
Liquid	Limit	 75	 84	
Plastic	Limit	 30	 31	
Plasticity	
Index	
45	 53	
Table	5.3:	Atterberg	limits	of	1-1	ALT	samples	#3	and	7.		
	
	
Figure	5.9:	Plasticity	chart	with	1-1	ALT	samples	#3	and	#7	marked	(diagram	after	Holtz	et	al.,	
2011.	
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5.1.4	Epoxy	sample	
An	epoxy	peel	was	made	to	examine	the	sedimentary	features	of	the	dike.		A	photograph	of	the	
peel	is	shown	in	Figure	5.10,	and	a	larger	version	is	presented	in	Appendix	F.		A	number	of	
vertical	to	sub-vertical	stringers	of	oxidized	sand,	ranging	between	0.1	m	and	0.4	m	in	length,	
are	present	between	0	cm	and	0.15	m	along	the	length	of	the	peel.		Small	dots	of	oxidation,	
approximately	2	mm	in	diameter,	can	be	seen	throughout	the	remainder	of	the	sample.		Gravel-
sized	clay	fragments	are	present	at	1.11	m	and	1.20	m,	and	a	larger	clay	fragment,	
approximately	40	mm	x	100	mm	in	size,	is	present	at	1.2	m.		A	number	of	charcoal	fragments	
ranging	between	2	mm	and	100	mm	in	length	are	also	visible	between	1.19	m	and	1.22	m.		
White	stingers	of	dried	epoxy	are	visible	throughout	the	sample,	which	is	the	result	of	the	
epoxy	filling	cracks	in	the	dried	sediment.		No	sedimentary	structures	were	visible	in	the	
sample.	
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ANALYSIS	AND	INTERPRETATION	
5.1.5	Correlation	of	data	sets	
The	features	seen	in	the	line	Y0	radargram	correlate	very	closely	with	those	of	the	trench,	and	a	
photograph	of	the	trench	overlain	on	the	radargram	is	shown	in	Figure	5.11.		The	sand	unit	in	
the	photo	is	outlined	in	yellow	for	visibility.		The	dike	and	the	radargram	gap	align	very	closely,	
with	the	gap	being	slightly	wider	than	the	dike,	extending	approximately	0.5	m	on	either	side	of	
the	dike.		The	strong	reflection	in	the	radargram	aligns	closely	with	the	sand-clay	contact	of	the	
trench,	although	the	reflection	appears	to	have	more	dramatic	undulations	than	the	trench	
boundary.	
The	features	seen	in	the	trench	and	radargram	are	consistent	with	those	created	during	a	
lateral	spreading	event,	as	described	by	Terzaghi	et	al.	(1996)	(see	Figure	2.5).		The	
interpretation	of	the	line	Y0	radargram	(Figure	5.12)	proposes	that	the	strong	reflection	
represents	the	boundary	between	the	sand	blow	material	and	the	clay	host.		This	boundary	was	
the	original	ground	surface	prior	to	the	lateral	spreading	event.		The	splitting	apart	of	the	clay	
host	and	subsequent	lateral	spreading	during	the	earthquakes	allowed	for	the	liquefied	sand	
below	the	clay	unit	to	fluidize	and	move	to	the	surface.		The	sand	flowed	through	the	fissure	
within	the	clay	unit	and	was	ejected	onto	the	surface,	with	the	sand	unit	above	the	clay	host	
representing	the	remains	of	the	sand	blow.		Figure	5.12	shows	the	dike	extending	to	the	
bottom	of	the	radargram.		This	feature	is	inferred,	as	it	is	not	directly	visible	in	the	radargram,	
but	was	observed	in	the	trench.		The	depth	to	the	base	of	the	clay	unit	is	currently	unknown.			
Above	the	sand	blow	is	the	region	that	has	been	extensively	tilled	from	farming	and	has	been	
termed	the	“till	zone”.		The	top	of	the	tilled	zone	is	the	current	ground	surface.		
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Figure	5.11:	The	1-1	ALT	line	Y0	radargram	with	an	overlay	of	the	trench	photo.		The	dike	and	
sand	unit	are	outlined	in	yellow	for	visibility.	
	
	
Figure	5.12:	Interpretation	of	the	radargram	for	1-1	ALT	line	Y0,	showing	the	clay	host,	sand	
unit,	and	till	zone	in	relation	to	the	trench.		The	sand	dike	is	inferred	to	extend	to	the	base	of	
the	clay	unit.	
5.1.6	GPR-Slice	3D	model	
3D	models	for	this	study	were	generated	with	GPR-Slice	software	using	the	inverse	
interpolation	method	to	create	3D	volumes	which	takes	into	account	the	distance	between	
neighboring	data	points	in	both	the	vertical	and	horizontal	directions	and	the	radar	reflection	
strength	at	the	point	of	the	interpolation	(Goodman,	2012).		The	3D	GPR	model	generated	for	
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site	1-1	ALT	is	generally	consistent	with	the	V-shaped	strong	reflection	seen	in	the	radargrams.		
The	model	shown	in	Figures	5.13a-c	excludes	the	top	1	m	generated	in	the	model	to	enable	
visibility	of	the	surface	of	interest.		Similar	to	the	radargram	reflection,	the	distinct	V-shaped	
volume	is	present	between	depths	of	1	m	and	1.8	m	(Figures	5.13a-d),	becomes	shallower	to	
the	south,	and	contains	a	wide	gap	to	the	north.		This	portion	of	the	model	is	relatively	thin,	
indicating	few	closely-space	data	points	(radar	reflections)	along	the	vertical	axis,	and	
illustrating	a	distinct	boundary	or	a	thin	layer	of	material	with	a	relative	dielectric	permittivity	
different	from	that	of	the	surrounding	material	(see	Table	4.3)	(Burger	et	al.,	2006).	
Figure	5.13d	includes	the	top	1	m	of	the	interpolation	where	multiple	weaker	reflections	were	
visible	in	the	radargrams.		This	GPR	survey	was	performed	within	an	active	crop	field,	which	
contained	abundant	plant	material	and	pebbles	that	may	have	caused	the	number	of	radar	
reflections	seen	in	this	section.		The	region	between	0.5	m	and	0.9	m	(Figure	5.13d)	correlates	
with	the	upper	section	of	the	sand	unit,	and	the	reflections	within	this	region	can	be	attributed	
to	the	presence	of	oxidized	stringers	at	the	soil-sand	contact.	A	distinct	void	space	is	visible	
between	the	prominent	V-shaped	surface	and	the	top	1	m	of	the	model,	indicating	either	few	
or	no	radar	reflections	within	the	area	and	suggesting	a	homogeneous	material.		The	void	space	
correlates	with	the	portions	of	the	sand	unit	that	did	not	contain	oxidized	stringers.	
A	comparison	of	the	3D	model	and	the	radargram	along	line	Y0	is	shown	in	Figure	5.13e,	in	
which	the	model	has	been	truncated	to	the	north	and	south	of	the	radargram	for	better	
visibility.		The	discontinuous	nature	of	the	model,	when	compared	to	the	radargram,	indicates	
that	the	interpolation	is	using	a	grouping	of	data	points	(reflections)	that	lie	close	to	the	strong	
reflection	but	is	not	using	the	strong	reflection	itself.		The	locations	of	the	3D	volume	segments	
along	line	Y0	can	be	correlated	to	the	locations	of	the	oxidized	stringers	that	were	positioned	
along	the	sand-clay	contact	in	the	trench,	indicating	that	the	stringers	of	oxidation	created	
reflections	that	were	too	weak	to	be	seen	by	the	naked	eye	in	the	radargrams.		The	3D	volume	
becomes	more	continuous	and	corresponds	more	closely	with	the	strong	radargram	reflection	
farther	south,	possibly	indicating	that	the	stringers	of	oxidation	continue	to	run	parallel	to	the	
sand-clay	contact	toward	the	south	of	the	survey	area	and	merge,	forming	a	continuous	surface	
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of	oxidation.		Additional	views	of	the	3D	model	compared	to	the	radargrams	are	given	in	
Appendix	G.	
	
Figure	5.13:	The	1-1	ALT	3D	GPR	model	created	in	GPR-Slice.		The	V-shape	resembles	that	of	the	
strong	reflection	visible	in	the	radargrams	and	can	be	correlated	to	the	stringers	of	oxidation	
viewed	in	the	trench.		The	model	is	viewed:	(a)	toward	the	north,	excluding	the	top	1	m,	(b)	
down	and	toward	the	northeast,	excluding	the	top	1	m,	and	(c)	looking	down	and	toward	the	
northwest,	excluding	the	top	1	m;	(d)	Viewed	toward	the	north	and	includes	the	top	1	m.		The	
arrow	points	to	the	reflections	caused	by	debris	in	the	till	zone	and	oxidized	stringers	along	the	
soil-sand	contact;	(e)	The	Y0	radargram	with	a	segment	of	the	3D	volume.		The	locations	of	the	
3D	volume	along	this	line	correlate	to	the	locations	of	stringers	of	heavy	oxidation	within	the	
sand	unit	viewed	in	the	trench.	
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Figure	5.13	(cont.)	
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Figure	5.13	(cont.)	
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Figure	5.13	(cont.)	
5.1.7	Discussion	
The	features	seen	in	both	the	trench	and	GPR	radargrams	are	consistent	with	a	lateral	
spreading	event	in	which	the	sediment	was	fluidized	and	moved	to	the	surface.		These	data	sets	
correlate	closely	with	each	other,	indicating	that	the	GPR	survey	at	this	site	accurately	
identified	the	size,	location,	and	orientation	of	this	lateral	spread	fissure.		The	3D	GPR	model	
correlated	well	with	debris	in	the	till	zone	and	stringers	of	oxidation	viewed	in	the	trench,	
indicating	that	the	model	emphasized	the	reflective	surface	of	these	features,	some	of	which	
were	not	visible	to	the	naked	eye	in	the	radargrams.		
The	location,	directional	trend,	and	elongate	shape	of	the	radargram	gap	correlated	closely	
with	the	vented	sand	identified	in	aerial	imagery	(Figure	5.2),	however	the	fissure	was	slightly	
offset	from	the	vented	sand	at	the	northern	edge	of	the	survey.	This	indicates	that	while	the	
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aerial	imagery	was	useful	in	locating	the	general	area	for	this	lateral	spread	fissure,	the	GPR	
survey	identified	its	precise	size	and	location.	
5.2	Site	1-3	ALT	
DESCRIPTON	
Data	collection	and	analyses	performed	at	site	1-3	ALT	consisted	of	a	GPR	survey,	a	trench	with	
sediment	samples,	and	six	Panda	CPT	soundings.		The	site	is	located	approximately	2	miles	
northeast	of	Lepanto,	AR,	and	approximately	¼	mile	west	of	the	Left	Hand	Chute	of	Little	River	
(Figure	4.13a).		A	planar	view	of	the	GPR	survey	grid,	the	trench	location,	and	the	Panda	CPT	
sounding	locations	are	shown	in	Figures	4.21a	and	4.18a.	
5.2.1	GPR	radargrams	
The	raw	and	filtered	radargrams	for	lines	Y4	through	Y6	in	the	1-3	ALT	GPR	grid,	shown	in	Figure	
5.14,	correlate	with	the	trench	dug	at	this	site.	The	raw	radargrams	show	multiple	horizontal	
reflections	(banding	noise)	near	the	surface,	which	are	reduced	significantly	in	the	filtered	
radargrams.		All	other	radargrams	for	this	site	are	shown	in	Figure	H.1.	
The	radargrams	show	a	strong	reflection	between	0.2	m	and	1.4	m	in	depth	across	the	length	of	
the	site,	with	multiple	narrow	V-shapes	containing	gaps	in	the	center.		The	area	of	focus	covers	
the	westernmost	gap,	which	corresponds	to	the	trench.	A	planform	view	of	the	gap	overlaying	
the	vented	sand	seen	in	the	aerial	imagery	is	shown	in	Figure	5.15.		This	gap	follows	a	
northeast-southwest	trend,	narrowing	to	the	south	and	following	the	trend	of	the	vented	sand.		
The	coordinates	and	depths	of	the	western	and	eastern	edges	of	the	gap	along	each	line	(Table	
5.4)	show	that	the	eastern	edge	of	the	gap	is	lower	than	the	western	edge	in	every	line	and	also	
becomes	shallower	from	north	to	south.			
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Figure	5.14:	Raw	and	filtered	GPR	radargrams	for	lines	Y4,	Y5,	and	Y6	at	site	1-3	ALT.		A	strong	
reflection	is	seen	between	depths	of	0.2	m	and	1.4	m	in	each	radargram.		The	area	of	focus	
correlates	to	the	location	of	the	trench	dug	at	this	site.	
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Figure	5.14	(cont.)	
	
	
Figure	5.15:	Outline	of	the	gap	seen	in	the	1-3	ALT	radargrams	compared	to	the	vented	sand	
seen	in	aerial	imagery.	
	
	
	 95	
GPR	
Line	
UTM	Coordinate	of	
Western	Edge	
UTM	Coordinate	of	
Eastern	Edge	
Width	of	
Gap	
Depth	of	
Western	Edge	
Depth	of	
Eastern	Edge	
Line	Y4	 744114.5	 744115.10	 0.60	m	 0.45	m	 0.54	m	
Line	Y5	 744112.75	 744113.00	 0.25	m	 0.39	m	 0.46	m	
Line	Y6	 744108.95	 744108.99	 0.04	m	 0.18	m	 0.25	m	
Table	5.4:	Coordinates	and	depths	of	the	western	and	eastern	edges	of	the	gap	exhibited	on	the	
1-3	ALT	GPR	radargrams.	
5.2.2	Trench	lithology	
The	15.5-m-long	trench	dug	at	this	site	exposed	three	sedimentary	units:	i)	a	shallow	unit	
consisting	of	heavily	tilled,	sandy	soil,	ii)	a	middle	unit	consisting	of	tan-colored	sand,	and	iii)	a	
deeper	unit	consisting	of	blue-gray,	sandy	clay	of	medium	plasticity.		An	illustration	of	the	
sedimentary	units	seen	in	the	trench	is	shown	in	Figure	5.16	with	a	detailed	photographic	
panorama	of	the	south	wall	of	the	trench	presented	in	Appendix	D.		It	is	important	to	note	that	
the	east	side	of	the	trench	is	on	the	left,	opposite	of	map	view.	
The	soil-sand	contact	was	irregular,	but	generally	horizontal	with	an	average	depth	below	the	
ground	surface	of	0.25	m.	Stringers	of	heavy	oxidation	containing	small	fragments	of	charcoal,	
≤0.005	m	in	length,	were	present	within	the	sand	unit	along	the	soil-sand	contact	in	the	eastern	
half	of	the	trench.	A	close-up	of	this	oxidation	along	the	sand-clay	contact	is	shown	in	Figure	
5.17a.		The	clay	unit	hosted	a	0.4-m-wide,	sand-filled	dike	between	4.25	m	and	4.75	m	along	
the	length	of	the	trench.		The	sand-clay	contact	formed	a	shallow	V-shape	that	deepened	from	
both	the	east	and	west	towards	the	dike.		The	sand-clay	contact	on	the	eastern	side	of	the	dike	
was	0.2	m	deeper	than	the	contact	on	the	western	side	(0.6	m	in	depth	and	0.4	m	in	depth,	
respectively).		A	close-up	photograph	of	the	dike,	showing	the	difference	in	depths	between	the	
east	and	west	sides	of	the	dike	is	shown	in	Figure	5.17b.	
The	sand	unit	was	thickest	(0.45	m)	directly	above	the	dike	and	pinched	out	to	both	the	east	
and	the	west:	4	m	to	the	west	of	the	dike	and	10	m	to	the	east	of	the	dike.	No	sedimentary	
structures	were	visible	to	the	naked	eye	within	this	unit.	
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Figure	5.16:	Illustration	of	the	sedimentary	units	present	in	the	trench	at	site	1-3	ALT.	
	
Figure	5.17:	Photographs	of	the	trench	wall:	a)	a	stringer	of	oxidized	sand	along	the	tilled	soil-
sand	contact;	b)	the	sand-clay	contact	on	the	east	side	of	the	dike	is	0.2	m	deeper	than	on	the	
west	side	of	the	dike.	
	
	
	 97	
5.2.3	Sediment	samples	
Sediment	sample	locations	taken	from	the	trench	wall	are	shown	in	Figures	5.18	and	D.1b.		
Sample	1	was	taken	from	the	dike	at	4.5	m	from	the	western	extent	of	the	trench.		Sample	2	
was	taken	from	the	clay	unit	directly	east	of	the	dike	at	4.7	m.		Sample	3	was	taken	from	an	
oxidized	stringer	with	charcoal	fragments	within	the	sand	unit	at	10.2	m.	
Sieve	analyses	were	performed	on	all	three	samples.	Gradistat	results	indicate	that	the	coarse	
sediment	in	sample	1	contains	moderately	sorted,	slightly	gravelly,	fine	sand	that	is	coarse	
skewed,	whereas	sample	2	consists	of	poorly	sorted,	gravelly,	very	fine	sand	with	a	bimodal	
distribution,	and	sample	3	contains	poorly	sorted,	sandy	gravel	that	is	fine	skewed	(Table	5.5).		
The	grain	size	frequency	curves	and	cumulative	weight	percent	curves	for	these	samples	are	
shown	in	Figures	5.19	and	5.20,	respectively.	
Hydrometer	analysis	was	performed	on	sample	2	and	indicates	that	the	sample	consisted	of	
2.1%	clay	and	10.8%	silt	(Figure	5.21).		Atterberg	limits	were	also	calculated	on	sample	2,	giving	
a	liquid	limit	of	42,	plastic	limit	of	23,	and	plasticity	index	of	19.		Following	the	plasticity	chart	
from	Holtz	et	al.,	(2011),	this	sample	consisted	of	inorganic	clay	of	medium	plasticity	(Figure	
5.22).		Complete	sieve,	hydrometer,	and	Atterberg	limit	data	are	shown	in	Table	E.2.	
	
Figure	5.18:	Locations	of	samples	taken	from	the	trench	at	site	1-3	ALT.	
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Sample	Number	 #1	 #2	 #3	
Sample	Type	 Unimodal,		
Moderately	Sorted	
Bimodal,											
Poorly	Sorted	
Unimodal,						
Poorly	Sorted	
Sediment	Name		 Slightly	Gravelly						
Fine	Sand	
Gravelly	Very	Fine	
Sand	
Sandy	Gravel	
Mean	 0.26	 0.32	 1.15	
Sorting	 1.941	 3.327	 2.654	
Skewness	 0.266	 0.427	 -0.188	
Kurtosis	 1.363	 0.714	 0.449	
Mean	 Medium	Sand	 Medium	Sand	 Very	Coarse	Sand	
Sorting	 Moderately	Sorted	 Poorly	Sorted	 Poorly	Sorted	
Skewness	 Coarse	Skewed	 Very	Coarse	Skewed	 Fine	Skewed	
Kurtosis	 Leptokurtic	 Platykurtic	 Very	Platykurtic	
Mode	1	(mm)	 0.20	 0.13	 0.63	
Mode	2	(mm)	 ----	 1.42	 ----	
D10	(mm)	 0.13	 0.09	 0.27	
D50	(mm)	 0.25	 0.22	 0.99	
D90	(mm)	 0.71	 1.90	 6.10	
(D90	/	D10)	(mm)	 0.01	 0.02	 0.02	
(D90	-	D10)	(mm)	 0.58	 1.81	 5.84	
(D75	/	D25)	(mm)	 0.00	 0.01	 0.01	
(D75	-	D25)	(mm)	 0.20	 0.82	 2.61	
%	Gravel	 3.0%	 7.7%	 33.3%	
%	V	Coarse	Sand	 3.5%	 12.9%	 16.6%	
%	Coarse	Sand	 8.3%	 11.0%	 21.5%	
%	Medium	Sand	 32.7%	 8.8%	 20.8%	
%	Fine	Sand	 40.7%	 23.0%	 7.0%	
%	V	Fine	Sand	 8.0%	 23.7%	 0.9%	
%	Finer	than	Sand*	 3.9%	 12.9%	 0.0%	
*Values	taken	directly	from	sieve	analysis	(not	calculated	in	Gradistat).	
Table	5.5:	Grain	size	parameters	of	1-3	ALT	sieve	samples	calculated	using	Gradistat.	
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Figure	5.19:	Grain	size	frequency	curves	for	1-3	ALT	sieve	samples.	
	
	
Figure	5.20:	Grain	size	distribution	curves	of	the	1-3	ALT	sieve	samples.	
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Figure	5.21:	Hydrometer	results	for	sample	#2	from	site	1-3	ALT.	
	
	
Figure	5.22:	Plasticity	chart	with	sample	#2	from	site	1-3	ALT	marked	(diagram	after	Holtz	et	al.,	
2011).	
5.2.4	Panda	CPT	soundings	
Six	Panda	CPT	soundings	spaced	10	m	apart	were	performed	along	GPR	line	Y5	at	site	1-3	ALT.		
Figure	5.23	shows	the	Panda	CPT	sounding	curves	for	each	test	possess	average	values	of	
approximately	2	MPa	in	the	upper	0.3	m	-	0.5	m	that	steadily	increase	with	depth.		Generally,	
the	penetration	rods	were	rotated	a	maximum	of	180	degrees	with	every	0.6	meters	of	
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penetration	(i.e.,	as	a	new	rod	was	added).	This	rotation	is	performed	to	reduce	interface/skin	
friction	that	develops	between	the	soil	and	the	penetration	rods.	However,	the	rotation	
occasionally	was	less	than	or	greater	than	180	degrees	during	the	many	soundings	performed	
at	the	investigation	sites.	Furthermore,	even	when	rotation	is	performed,	this	procedure	does	
not	ensure	that	friction	is	eliminated	regardless	of	the	type	of	soil	being	penetrated.	When	
interface	friction	occurs,	the	Panda	cone	penetration	resistance	(which	is	computed	assuming	
zero	interface	friction)	increases	artificially	with	depth.	Complete	Panda	CPT	data	for	this	site	
are	provided	in	Table	I.1.	
	
Figure	5.23:	1-3	ALT	Panda	CPT	sounding	curves.	
ANALYSIS	AND	INTERPRETATION	
5.2.5	Correlation	of	data	sets	
The	features	seen	in	the	line	Y5	radargram	correlate	fairly	closely	with	those	of	the	trench,	as	
exhibited	in	Figure	5.24,	in	which	a	photograph	of	the	trench	is	overlain	on	the	radargram.		The	
position	of	the	radargram	gap	is	offset	to	the	east	of	the	dike	by	approximately	5	m,	and	the	
gap	is	approximately	0.6	m	wider	than	the	dike.		The	difference	in	easting	locations	is	likely	
caused	by	the	use	of	different,	uncorrected	GPS	units	for	each	data	set.		To	acquire	GPS	
coordinates	with	accuracy	of	0.3	m	or	higher,	a	stationary	base	station	is	required.		This	was	not	
used	during	the	surveys	and	thus	the	coordinates	acquired	from	the	GPR	unit	and	the	handheld	
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GPS	unit	may	differ	from	each	other	by	0.3	m	or	more.		The	strong	reflection	in	the	radargram	
aligns	closely	with	the	sand-clay	contact	of	the	trench,	though	the	reflection	appears	to	have	
more	marked	undulations	than	the	trench	boundary.	
The	features	seen	in	the	trench	and	radargram	are	consistent	with	those	created	during	a	
lateral	spreading	event.		The	interpretation	of	the	line	Y5	radargram	(Figure	5.25)	shows	that	
the	strong	reflection	represents	the	boundary	between	the	sand	blow	material	and	the	clay	
host,	which	was	the	original	ground	surface	prior	to	the	lateral	spreading	event.		The	radargram	
gaps	represent	dikes	through	which	fluidized	sand	migrated	to	the	surface.	Two	sand	blows	are	
interpreted	in	this	radargram:	one	to	the	west,	which	corresponds	to	the	trench,	and	an	
additional	sand	blow	to	the	east.		Figure	5.25	indicates	that	the	dikes	extend	to	the	bottom	of	
the	radargram,	as	they	are	not	directly	visible	in	the	radargram.		The	depth	to	the	base	of	the	
clay	unit	has	not	been	determined.			The	existence	of	two	sand	blows	and	their	corresponding	
dikes	is	consistent	with	the	splitting	apart	and	lateral	spreading	of	the	clay	host,	creating	
multiple	parallel	to	sub-parallel	fissures.		Above	the	sand	blows	is	the	“till	zone”,	the	top	of	
which	is	the	current	ground	surface.		
The	Panda	CPT	sounding	curves	were	correlated	with	the	interpreted	radargram	for	line	Y5	
(Figure	5.26),	showing	that	the	till	zone	correlates	closely	with	readings	of	approximately	2	MPa	
near	the	surface,	while	the	clay	unit	corresponds	with	the	steady	increase	seen	in	the	lower	
portion	of	the	sounding	curves.	This	indicates	that	the	penetration	tests	accurately	identified	
lithological	changes	in	the	subsurface,	with	each	of	the	soundings	exhibiting	a	general	increase	
in	penetration	resistance	with	depth	in	the	medium-plasticity	clay	as	the	result	of	the	
accumulation	of	interface	friction	and	the	increasing	confining	stress	with	depth.	The	similar	
response	below	the	till	zone	observed	in	each	of	the	soundings	suggests	that	none	of	the	
soundings	encountered	a	significant	zone	of	vented	sand	or	a	dike.	
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Figure	5.24:	A	view	of	the	Y5	radargram	with	an	overlay	of	the	trench	photo.		The	sand	unit	is	
outlined	in	yellow	for	visibility.		The	position	of	the	radargram	gap	is	offset	to	the	east	of	the	
dike	by	approximately	5	m,	and	the	gap	is	approximately	0.6	m	wider	than	the	dike.	
	
	
Figure	5.25:	Interpretation	of	the	Y5	radargram	for	site	1-3	ALT,	showing	the	clay	host,	sand	
unit,	and	till	zone	in	relation	to	the	trench.		The	sand	dikes	are	inferred	to	extend	to	the	base	of	
the	clay	unit.	
	
	
	 104	
	
Figure	5.26:	Interpreted	radargram	overlain	by	Panda	CPT	sounding	curves	at	site	1-3	ALT.	The	
till	zone	exhibits	a	value	of	approximately	2	MPa,	while	the	clay	host	exhibits	a	higher	value.		
The	drift	in	the	clay	host	is	the	result	of	increasing	confining	stress	with	depth	and	increasing	
interface	friction	between	the	rod	and	host	material.	
5.2.6	GPR-Slice	3D	model	
A	3D	GPR	model	of	the	area	around	the	trench	was	generated	in	GPR-Slice.		Along	GPR	line	Y5	
(the	line	overlapping	the	trench),	the	3D	volume	runs	parallel	to	the	radargram	reflection	on	
the	eastern	side	of	the	gap	but	is	discontinuous	to	the	west	(Figure	5.27a).		Similar	to	the	3D	
model	for	site	1-1	ALT,	the	location	of	the	3D	volume	along	line	Y5	is	consistent	with	the	
location	of	the	stringers	of	heavy	oxidation	viewed	in	the	trench.		North	of	the	trench,	the	3D	
volume	runs	parallel	to	the	strong	reflection	seen	on	both	sides	of	the	radargram	gap	in	line	Y4	
(Figure	5.27b),	while	only	a	small	segment	of	the	3D	volume	correlates	to	the	reflection	in	line	
Y6	(Figure	5.27c).		Similar	to	the	model	for	site	1-1	ALT,	it	is	likely	that	the	3D	volume	for	this	
	
	
	 105	
site	is	interpolating	very	weak	reflections	caused	by	layers	of	oxidation	within	the	sand	unit	that	
are	not	visible	to	the	naked	eye.	
	
	
Figure	5.27:	The	1-3	ALT	3D	volume,	depicted	in	blue,	can	be	correlated	to	the	stringers	of	
heavy	oxidation	within	the	sand	unit	visible	in	the	trench.		The	volume	is	correlated	to	the	
radargrams	for	lines:	(a)	Y5,	(b)	Y4,	and	(c)	Y6.	
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Figure	5.27	(cont.)			
5.2.7	Discussion	
The	trench	and	GPR	data	sets	correlate	closely	with	each	other	though	they	did	not	overlap	
perfectly	along	the	Easting	coordinates.		This	difference,	as	explained	in	section	5.2.5,	is	likely	
the	result	of	the	use	of	different,	uncorrected	GPS	units,	which	can	cause	a	variance	of	
coordinates	exceeding	0.3	m.		Despite	this	difference,	the	correlation	of	these	data	sets	indicate	
that	the	GPR	survey	at	this	site	accurately	identified	the	size	and	orientation,	and	with	a	lower	
degree	of	certainty	the	location,	of	this	lateral	spread	fissure.		The	3D	GPR	model	correlated	
well	with	the	stringers	of	oxidation	viewed	in	the	trench,	indicating	that	the	model	emphasized	
the	reflective	surface	of	these	features	which	are	not	visible	to	the	naked	eye	in	the	
radargrams.		
The	location	of	the	vented	sand	identified	in	aerial	imagery	and	the	fissure,	as	identified	by	the	
radargram	gap	(Figure	5.15),	were	very	closely	aligned	at	this	site.		Similar	to	site	1-1	ALT,	this	
indicates	that	aerial	imagery	is	useful	in	locating	the	general	area	for	lateral	spread	fissures,	
while	GPR	can	identify	their	precise	sizes,	locations,	and	orientations.	
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Additionally,	the	Panda	CPT	soundings	correctly	identified	changes	in	lithology	that	correlated	
to	a	strong	reflection	visible	in	the	GPR	radargrams.		Though	these	soundings	were	not	ground-
truthed	with	a	trench,	the	correlation	of	these	data	sets	indicates	that	this	tool	could	be	utilized	
to	identify	the	locations	of	sand	intrusions,	such	as	lateral	spread	fissures,	in	initial	field	
investigations.	
5.3	Site	9-1	West	
DESCRIPTION	
Initial	GPR	surveys	performed	at	site	9-1	showed	multiple	potential	lateral	spread	features,	and	
thus	detailed	surveys	were	performed	at	three	sub-sites	(9-1	West,	9-1	East,	and	9-1	Pit)	at	this	
location.		Site	9-1	is	located	approximately	1	mile	east	of	Trumann,	AR,	and	approximately	1	
mile	west	of	the	Saint	Francis	River	(Figure	4.13a).		The	sub-site	locations	are	shown	in	Figure	
4.16g.			
Data	collection	and	analyses	performed	at	site	9-1	West	consisted	of	a	GPR	survey	and	seven	
Panda	CPT	soundings.		Permission	was	not	granted	by	the	land	owner	to	trench	at	this	location.	
A	planar	view	of	the	GPR	survey	grid	and	the	Panda	CPT	sounding	locations	are	shown	in	
Figures	4.16h	and	4.18b,	respectively.	
5.3.1	GPR	radargrams	
The	raw	and	filtered	radargrams	for	lines	Y14	through	Y16,	shown	in	Figure	5.28,	are	
representative	of	the	features	seen	in	all	of	the	radargrams	at	this	site	and	are	adjacent	to	the	
Panda	CPT	soundings	described	below.		All	other	radargrams	for	this	site	are	shown	in	Figure	
H.2.		The	radargrams	show	a	strong	reflection	between	0.4	m	and	1.6	m	in	depth	below	the	
ground	surface	with	a	prominent	gap	near	the	center.		Similar	to	the	previous	sites,	the	
reflection	slopes	downward	from	both	the	west	and	east	forming	a	V	shape.		A	grouping	of	
weaker	reflections	is	visible	at	shallower	depths	directly	above	the	gap	and	strong	reflection	in	
each	radargram.	
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The	gap	follows	the	directional	trend	of	the	vented	sand	seen	in	aerial	imagery,	as	exhibited	in	
Figure	5.29.		Table	5.6	shows	the	coordinates	and	depths	of	the	western	and	eastern	edges	of	
the	gap	along	each	line.		The	cross-sectional	view	of	the	gap	is	depicted	in	Figure	5.30,	showing	
that	the	depths	of	both	sides	of	the	gap	are	similar	with	no	marked	trend	of	one	side	being	
deeper	than	the	other.		Additionally,	the	gap	is	relatively	horizontal	from	north	to	south.	
	
Figure	5.28:	Raw	and	filtered	GPR	radargrams	for	lines	Y14,	Y15,	and	Y16	at	site	9-1	West.		A	
strong	reflection	is	seen	between	depths	of	0.2	m	and	1.4	m	in	each	radargram.		Weaker	
reflections	are	seen	in	each	radargram	above	the	strong	reflection	and	gap.	
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Figure	5.28	(cont.)	
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Figure	5.29:	Outline	of	the	gap	seen	in	the	9-1	West	radargrams	compared	to	the	vented	sand	
seen	in	aerial	imagery.	
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GPR	Line	 UTM	Coordinate	of	
Western	Edge	
UTM	Coordinate	
of	Eastern	Edge	
Width	of	
Gap	
Depth	of	
Western	Edge	
Depth	of	
Eastern	Edge	
Line	Y0	 728156.45	 728159.82	 3.37	m	 1.41	m	 1.46	m	
Line	Y1	 728157.60	 728160.38	 2.78	m	 1.53	m	 1.5	m	
Line	Y2	 728158.83	 728161.54	 2.71	m	 1.27	m	 1.35	m	
Line	Y3	 728158.75	 728161.46	 2.71	m	 1.28	m	 1.34	m	
Line	Y4	 728159.06	 728160.66	 1.60	m	 1.41	m	 1.43	m	
Line	Y5	 728159.11	 728161.43	 2.32	m	 1.32	m	 1.3	m	
Line	Y6	 728159.30	 728161.77	 2.47	m	 1.27	m	 1.28	m	
Line	Y7	 728160.51	 728162.60	 2.09	m	 1.32	m	 1.23	m	
Line	Y8	 728161.19	 728162.68	 2.49	m	 1.51	m	 1.66	m	
Line	Y9	 728160.32	 728161.82	 1.50	m	 1.35	m	 1.48	m	
Line	Y10	 728161.13	 728163.79	 2.66	m	 1.45	m	 1.35	m	
Line	Y11	 728162.15	 728164.62	 2.47	m	 1.25	m	 1.63	m	
Line	Y12	 728162.15	 728164.62	 2.47	m	 1.48	m	 1.44	m	
Line	Y13	 728161.98	 728164.40	 2.42	m	 1.30	m	 1.45	m	
Line	Y14	 728162.88	 728164.60	 1.72	m	 1.74	m	 1.70	m	
Line	Y15	 728162.46	 728165.16	 2.70	m	 1.31	m	 1.26	m	
Line	Y16	 728163.18	 728166.14	 2.96	m	 1.44	m	 1.26	m	
Line	Y17	 728163.06	 728165.46	 2.40	m	 1.50	m	 1.49	m	
Line	Y18	 728164.29	 728165.90	 1.61	m	 1.53	m	 1.22	m	
Line	Y19	 728164.29	 728167.17	 2.88	m	 1.24	m	 1.14	m	
Line	Y20	 728164.51	 728166.76	 2.25	m	 1.46	m	 1.44	m	
Table	5.6:	Coordinates	and	depths	of	the	western	and	eastern	edges	of	the	gap	exhibited	on	the	
9-1	West	radargrams.	
 
Figure	5.30:	Sections	showing	the	depths	of	both	sides	of	the	radargram	gap	at	site	9-1	West.	
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5.3.2	Panda	CPT	soundings	
Seven	Panda	CPT	soundings	spaced	approximately	3-m	apart	were	performed	along	line	Y15	at	
this	site.		The	Panda	CPT	sounding	curves	for	each	test	are	given	in	Figure	5.31.		Each	sounding	
shows	a	penetration	resistance	of	approximately	2	MPa	-	3	MPa	near	the	surface	and	then	
jumps	to	6	MPa	–	9	MPa	at	depth.		The	spike	in	penetration	resistance	occurs	at	a	different	
depth	for	each	sounding,	becoming	deeper	toward	the	center	and	shallower	on	the	eastern	and	
western	extents	of	the	line.	
The	curves	at	this	site	exhibit	less	drift	than	the	curves	at	site	1-3	ALT.		Here,	the	field	team	
rotated	the	penetration	rods	a	significant	number	of	complete	rotations	(i.e.,	greater	than	720	
degrees)	prior	to	adding	each	new	rod.	The	number	of	rotations	was	significantly	increased	at	
this	site	in	an	attempt	to	more	consistently	reduce	interface/skin	friction	between	the	rods	and	
the	soil.		Complete	Panda	CPT	data	for	this	site	are	presented	in	Table	I.2.	
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Figure	5.31:	9-1	West	Panda	CPT	sounding	curves.	
ANALYSIS	AND	INTERPRETATION	
5.3.3	Correlation	of	data	sets	
Although	the	features	seen	in	the	radargrams	at	this	site	could	not	be	directly	correlated	to	
trench	data,	these	features	closely	resemble	the	features	seen	at	sites	1-1	ALT	and	1-3	ALT.		The	
existence	of	the	features	described	above	and	the	corresponding	features	seen	in	the	adjacent	
radargrams	is	consistent	with	a	fissure	created	during	a	lateral	spreading	event.		The	Y15	
radargram	is	interpreted	in	Figure	5.32,	and	shows	that,	similar	to	the	sites	previously	
discussed,	the	strong	reflection	identifies	the	boundary	between	sand	blow	material	and	the	
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clay	host,	representing	the	original	ground	surface	prior	to	the	lateral	spreading	event.			The	
gap	in	the	strong	reflection	is	interpreted	to	be	a	dike,	while	the	region	between	the	strong	
reflection	and	the	weaker,	horizontal,	reflection	near	the	surface	is	interpreted	to	be	the	
remnants	of	the	sand	blow.		Figure	5.32	shows	the	dike	extending	to	the	bottom	of	the	
radargram.		Similar	to	the	radargram	interpretations	for	the	previous	sites,	this	feature	is	
inferred.		The	base	of	the	till	zone	is	inferred	to	be	shown	by	the	weaker,	horizontal	reflection	
near	the	surface.		Unlike	the	previous	sites,	numerous	weaker	radar	reflections	above	the	
strong	reflection	and	gap	are	seen	in	the	radargrams	from	this	site,	indicating	a	more	
heterogeneous	sand	unit,	possibly	resulting	from	zones	of	slightly	cemented,	oxidized	sand.	
The	Panda	CPT	sounding	curves	are	correlated	to	the	line	Y15	radargram	in	Figure	5.33.		Similar	
to	site	1-3ALT,	penetration	resistance	in	the	till	zone	is	relatively	low,	typically	1	to	3	MPa,	and	
increases	when	the	top	of	the	clay	unit	is	encountered.		It	appears	that	several	of	the	soundings	
encountered	both	vented	sand	and	sand	within	the	dike	at	this	location.	For	example,	the	low	
penetration	resistance	(~0.5	MPa)	exhibited	in	soundings	1	and	3	at	a	depth	of	about	0.6	m	
suggests	the	soundings	might	have	encountered	a	stringer	of	loose	(vented?)	sand.	The	
relatively	high	penetration	resistance	exhibited	in	sounding	3	(~5.5	MPa)	immediately	above	
the	loose	zone	at	0.6m	may	correspond	to	a	slightly	cemented	zone	of	oxidized	sand	present	in	
the	vented	sand	layer.	Sounding	5	appears	to	have	encountered	vented/dike	sand	to	a	depth	of	
about	1.5	m	based	on	the	relatively	uniform,	low	penetration	resistance	(~2	MPa).	At	a	depth	of	
about	1.5	m	to	1.8	m,	the	penetration	resistance	in	Sounding	5	increases	to	values	of	4	to	6	
MPa,	consistent	with	the	host	clay	encountered	in	other	soundings.	Similarly,	Soundings	4	and	6	
exhibited	penetration	resistances	of	approximately	2	MPa	to	depths	of	about	0.7	m	and	1.5	m,	
respectively,	as	these	soundings	encountered	vented	or	dike	sands.	Below	these	depths,	the	
penetration	resistances	increased	to	6	MPa,	consistent	with	the	penetration	resistance	
measured	in	the	host	clay	in	other	soundings.	
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Figure	5.32:	Interpretation	of	the	Y15	radargram	at	9-1	West,	showing	the	clay	host,	sand	unit,	
and	till	zone.		The	sand	dike	is	inferred	to	extend	to	the	base	of	the	clay	unit.	
	
Figure	5.33:	Interpreted	radargram	overlain	by	Panda	CPT	sounding	curves	at	site	9-1	West.	The	
till	zone	exhibits	a	value	of	approximately	2	MPa,	while	the	clay	host	exhibits	a	higher	value.		
The	drift	in	the	clay	host	is	the	result	of	interface	friction	between	the	rod	and	host	material.	
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5.3.4	GPR-Slice	3D	model	
The	3D	GPR	model	created	for	this	site	encompasses	the	majority	of	the	space	above	the	strong	
radargram	reflections,	which	covers	a	broader	area	than	the	models	of	the	previous	sites.		The	
weaker	radargram	reflections	above	the	strong	reflection	and	gap	were	more	dispersed	
throughout	the	sand	unit,	allowing	the	interpolation	to	generate	a	more	complete	geometric	
picture	of	the	sand	unit.		The	base	of	this	3D	volume	represents	the	strong	reflection	(sand-clay	
contact),	while	the	volume	represents	the	sand	unit.		The	base	has	a	concave	shape	that	flares	
out	near	the	surface	(Figure	5.34a),	similar	to	the	shape	expected	of	sand	that	has	been	vented	
at	the	surface.		When	viewing	the	3D	volume	from	above	(Figure	5.34b),	the	model	shows	that	
the	top	of	the	3D	volume	is	gently	sloping	downwards	toward	the	north	-	a	trend	not	visible	in	
the	radargrams.		Figure	5.34c	presents	a	side	view	of	the	3D	volume	looking	west,	showing	the	
base	of	the	3D	volume	is	generally	horizontal	and	correlates	very	closely	with	the	horizontal	
trend	in	the	radargram	gap	illustrated	in	Figure	5.30.	
Truncated	segments	of	the	3D	volume	shown	in	correlation	with	the	Y14	through	Y16	
radargrams	(Figures	5.35a-c)	illustrate	that	although	the	3D	volume	follows	the	trend	of	the	gap	
and	strong	reflection,	it	does	not	encompass	the	entire	space	above	the	reflection.		Similar	to	
sites	1-1	ALT	and	1-3	ALT,	the	weaker	reflections	that	are	represented	by	these	3D	volumes	
may	be	caused	by	layers	of	oxidized	sand	within	the	sand	unit,	however	the	oxidation	at	this	
site	appears	to	be	more	dispersed	throughout	the	sand	unit	rather	than	localized	at	the	
lithological	boundaries.	
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Figure	5.34:	The	9-1	West	3D	GPR	model,	viewing	(a)	toward	the	north,	(b)	down	and	toward	
the	north,	and	(c)	down	and	toward	the	northwest.		The	volume	becomes	deeper	toward	the	
north.		The	base	of	the	model	is	interpreted	to	represent	the	sand-clay	contact,	while	the	
remainder	of	the	volume	represents	reflections	within	the	sand	unit	caused	by	layers	of	
oxidized	sand.	
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Figure	5.34	(cont.)	
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Figure	5.34	(cont.)	
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Figure	5.35:	The	9-1	West	3D	GPR	model	viewing	toward	the	north	compared	to	GPR	
radargrams:	(a)	line	Y14,	(b)	line	Y15,	and	(c)	line	Y16.		The	southern	portion	of	the	model	has	
been	truncated	for	visibility.	
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Figure	5.35	(cont.)	
5.3.5	Discussion	
Although	this	data	could	not	be	correlated	with	data	from	a	trench,	it	is	consistent	with	the	
lateral	spread	features	seen	in	the	previous	sites.		The	Panda	CPT	data	correlates	closely	with	
the	GPR	data,	indicating	that	they	were	effective	in	identifying	lithological	changes	in	the	
subsurface,	as	well	as	in	approximately	identifying	the	location	of	the	vented	sand	and/or	dike	
sand	fill.		The	3D	GPR	model	correlated	well	with	the	general	geometry	of	the	sand	blow	
material	illustrated	in	the	radargrams,	but	did	not	encompass	the	entire	area	above	the	strong	
reflection.		The	3D	volume	correlated	to	the	weaker	radar	reflections	above	the	strong	
reflection	and	gap	in	the	radargrams,	likely	resulting	from	layers	of	oxidized	sand	within	the	
sand	unit.				
The	location	of	the	vented	sand	seen	in	aerial	imagery	and	the	fissure,	as	identified	by	the	
radargram	gap	(Figure	5.29),	was	very	closely	aligned	at	this	site,	giving	further	confirmation	
that	aerial	imagery	is	useful	in	locating	the	general	area	for	lateral	spread	fissures,	while	GPR	
can	identify	their	precise	locations	and	subsurface	geometry.	
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5.4	Site	9-1	East	
Data	collection	and	analyses	performed	at	site	9-1	East	consisted	of	a	GPR	survey	and	seven	
Panda	CPT	soundings.		Similar	to	site	9-1	West,	permission	was	not	granted	by	the	land	owner	
to	trench	at	this	location.		The	site	is	located	directly	to	the	east	of	site	9-1	West	(Figure	4.16g).		
A	planar	view	of	the	GPR	survey	grid	and	the	Panda	CPT	sounding	locations	are	shown	in	
Figures	4.16i	and	4.18c,	respectively.	
DESCRIPTION	
5.4.1	GPR	radargrams	
The	raw	and	filtered	radargrams	for	lines	Y14	through	Y16	at	site	9-1	East	(Figure	5.36)	run	
adjacent	to	the	Panda	CPT	soundings	described	below	and	illustrate	features	seen	in	all	of	the	
radargrams	at	this	site.	The	remaining	radargrams	for	this	site	are	shown	in	Figure	H.3.		The	
radargrams	show	a	strong	reflection	between	0.25	m	and	2.5	m	in	depth	below	the	ground	
surface	that	slopes	downward	from	both	the	west	and	east,	forming	a	V	shape	with	a	gap	at	the	
center.	A	second,	narrower	gap	is	visible	in	the	Y15	and	Y16	radargrams	but	is	not	continuous	to	
the	north	or	south	of	these	lines.		Two	groupings	of	multiple	weaker	reflections	are	visible	
directly	above	the	strong	reflection	and	near	the	surface	on	the	western	side	of	the	main	gap	in	
each	radargram.		
A	planform	view	of	the	continuous	gap	(Figure	5.37)	shows	that	it	corresponds	closely	with	the	
vented	sand	seen	in	aerial	imagery,	following	its	northeastern-southwestern	trend.	The	
coordinates	and	depths	of	the	western	and	eastern	edges	of	the	gap	along	each	line	are	given	
in	Table	5.7,	with	a	cross-sectional	view	of	the	gap	depicted	in	Figure	5.38.		The	gap	becomes	
progressively	deeper	farther	north	and	exhibits	three	different	trends:	1)	The	eastern	side	of	
the	gap	is	deeper	than	the	western	side	in	the	southern	third	of	the	survey	area;	2)	Both	sides	
are	equal	in	depth	in	the	center	of	the	survey	area;	and	3)	The	western	side	of	the	gap	is	deeper	
than	the	eastern	side	in	the	northern	third	of	the	survey	area.	
	
	
	 123	
	
Figure	5.36:	Raw	and	filtered	GPR	radargrams	for	lines	Y14,	Y15,	and	Y16	at	site	9-1	East.		A	
strong	reflection	is	seen	between	depths	of	0.2	m	and	1.4	m	in	each	radargram	with	a	gap	that	
is	continuous	to	the	northernmost	and	southernmost	lines	of	the	survey.		A	second	gap	is	
visible	in	lines	Y15	and	Y16	that	is	discontinuous	to	the	north	and	south	of	these	lines.		Weaker	
reflections	are	seen	in	each	radargram	above	the	strong	reflection	and	near	the	surface.		
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Figure	5.36	(cont.)		
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Figure	5.37:	Outline	of	the	gap	seen	in	the	9-1	East	radargrams	compared	to	the	vented	sand	
seen	in	aerial	imagery.	
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GPR	Line	 UTM	Coordinate	
of	Western	Edge	
UTM	Coordinate	
of	Eastern	Edge	
Width	of	
Gap	
Depth	of	
Western	Edge	
Depth	of	
Eastern	Edge	
Line	Y0	 728263.92	 728264.88	 0.96	m	 0.7	m	 1.63	m	
Line	Y1	 728263.77	 728264.68	 0.91	m	 0.75	m	 1.71	m	
Line	Y2	 728263.30	 728265.20	 1.90	m	 0.70	m	 1.63	m	
Line	Y3	 728264.56	 728266.37	 1.81	m	 1.10	m	 1.66	m	
Line	Y4	 728264.74	 728266.54	 1.80	m	 1.07	m	 1.45	m	
Line	Y5	 728265.01	 728266.48	 1.47	m	 1.37	m	 1.61	m	
Line	Y6	 728264.51	 728266.03	 1.52	m	 1.47	m	 1.5	m	
Line	Y7	 728265.17	 728266.95	 1.78	m	 1.42	m	 1.55	m	
Line	Y8	 728264.96	 728267.24	 2.28	m	 1.39	m	 1.55	m	
Line	Y9	 728264.75	 728267.07	 2.32	m	 1.47	m	 1.69	m	
Line	Y10	 728264.84	 728267.58	 2.74m	 1.66	m	 2.04	m	
Line	Y11	 728265.16	 728267.84	 2.68	m	 1.82	m	 1.90	m	
Line	Y12	 728266.43	 728268.68	 2.25	m	 1.71	m	 1.74	m	
Line	Y13	 728267.44	 728270.28	 2.84	m	 1.58	m	 1.47	m	
Line	Y14	 728266.99	 728269.34	 2.35	m	 1.95	m	 1.82	m	
Line	Y15	 728268.07	 728270.23	 2.16	m	 2.09	m	 1.63	m	
Line	Y16	 728268.49	 728269.73	 1.24	m	 2.20	m	 1.87	m	
Line	Y17	 728268.53	 728269.90	 1.37	m	 2.12	m	 1.79	m	
Line	Y18	 728267.72	 728270.00	 2.28	m	 2.12	m	 1.90	m	
Line	Y19	 728267.91	 728270.56	 2.65	m	 2.06	m	 1.58	m	
Line	Y20	 728267.33	 728270.18	 2.85	m	 2.06	m	 1.69	m	
Table	5.7:	Coordinates	and	depths	of	the	western	and	eastern	edges	of	the	gap	exhibited	in	the	
9-1	East	radargrams.	
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Figure	5.38:	Sections	showing	the	depths	of	the	both	sides	of	the	radargram	gap	at	site	9-1	East.	
5.4.2	Panda	CPT	soundings	
Seven	Panda	CPT	soundings,	spaced	approximately	3	m	apart,	were	performed	along	line	Y15	at	
this	site.		Each	sounding	curve	(Figure	5.39)	shows	a	penetration	resistance	of	approximately	2	
MPa	–	3	MPa	near	the	surface	before	increasing	in	resistance	with	depth.	Each	of	the	
soundings,	with	the	exception	of	9	and	11,	drift	with	depth.		Complete	Panda	CPT	data	for	this	
site	are	provided	in	Table	I.3.	
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Figure	5.39:	9-1	East	Panda	CPT	sounding	curves.	
ANALYSIS	AND	INTERPRETATION	
5.4.3	Correlation	of	data	sets	
As	with	site	9-1	West,	the	features	seen	in	the	9-1	East	radargrams	could	not	be	directly	
correlated	to	trench	data;	however,	these	features	closely	resemble	those	seen	at	the	previous	
sites.		The	interpretation	of	the	Y15	radargram	(Figure	5.40)	is	similar	to	the	sites	previously	
discussed,	with	the	strong	reflection	representing	the	boundary	between	the	sand	blow	
material	and	the	clay	host.		This	surface	is	interpreted	to	be	the	original	ground	surface	prior	to	
the	lateral	spreading	event.		The	gap	in	the	strong	reflection	is	interpreted	to	be	a	dike,	
whereas	the	area	between	the	strong	reflection	and	the	weaker,	horizontal,	reflection	near	the	
surface	is	interpreted	to	be	what	remains	of	the	sand	blow	material.		Above	the	weaker	
reflection	near	the	surface	is	the	till	zone.		The	top	of	the	till	zone	is	the	current	ground	surface.	
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The	existence	of	the	features	described	above	and	the	corresponding	features	seen	in	the	
adjacent	radargrams	is	consistent	with	a	fissure	created	during	a	lateral	spreading	event.		
The	Panda	CPT	soundings	are	correlated	to	the	Y15	radargram	in	Figure	5.41.		Similar	to	the	
previous	sites,	penetration	resistance	in	the	till	zone	is	relatively	low,	typically	less	than	2	MPa.	
Although	soundings	8	and	14	exhibited	a	decrease	in	penetration	resistance	below	the	top	of	
the	clay	host,	generally	penetration	resistance	in	the	clay	host	ranged	between	2	and	6	MPa,	
similar	to	site	9-1	West.	However,	at	site	9-1	East,	penetration	resistance	in	the	sand	blow	
material	was	markedly	higher	than	observed	at	the	other	sites,	with	the	exception	of	sounding	
11	and	a	small	zone	in	sounding	14.	In	sounding	11	and	a	small	(0.3	m	thick)	zone	in	sounding	
14,	the	penetration	resistance	was	consistently	measured	at	2	to	3	MPa.	In	contrast,	
penetration	resistance	in	soundings	10,	12	and	13	increased	consistently	with	depth	in	the	
vented	sand	and	sand	dike	fill,	despite	the	practice	of	rotating	the	penetration	rods	at	least	720	
degrees	consistently	in	these	soundings.	One	potential	explanation	for	this	behavior	is	that	the	
vented	sand	was	more	cemented	from	oxidation	at	this	location	than	previously	observed.	Even	
a	slight	increase	in	cementation	would	cause	a	marked	difference	in	penetration	resistance	
considering	the	compact	size	of	the	Panda	cone	tip.	Alternately,	a	higher	content	of	coarse-
grained	(i.e.,	gravel-sized)	particles	in	the	sand	vent	at	this	location	could	have	resulted	in	the	
higher	penetration	resistances,	particularly	(again)	considering	the	compact	size	of	the	Panda	
cone	tip.		
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Figure	5.40:	Interpretation	of	the	Y15	radargram	at	site	9-1	East,	showing	the	clay	host,	sand	
unit,	and	till	zone.		The	sand	dike	is	inferred	to	extend	to	the	base	of	the	clay	unit.	
	
Figure	5.41:	Interpreted	radargram	overlain	by	Panda	CPT	sounding	curves	at	site	9-1	East.		The	
till	zone	correlates	with	a	value	of	approximately	2	MPa,	while	the	clay	host	correlates	with	a	
higher	value.		The	drift	in	the	clay	host	is	the	result	of	interface	friction	between	the	rod	and	
host	material.	
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5.4.4	GPR-Slice	3D	model	
The	3D	GPR	model	created	for	this	site	illustrates	the	geometry	of	the	weaker	radargram	
reflections.		The	interpolation	of	the	weaker	reflections	positioned	directly	above	the	strong	
reflection	(along	the	sand-clay	contact)	generated	a	3D	volume	that	exhibits	a	northeast-
southwest	trend	and	deepens	to	the	north	(Figures	5.43a-b),	which	resembles	the	trends	of	the	
radargram	gap	(see	Figures	5.37	and	5.38).		The	interpolation	of	the	weaker	reflections	near	the	
surface	generated	a	volume	with	a	concave	shape	that	flares	to	the	east	at	the	surface	and	
merges	with	the	deeper	section	of	the	3D	volume	toward	the	south	(Figures	5.42a-c).	
Truncated	segments	of	the	3D	volume	correlated	to	the	Y14	through	Y16	radargrams	(Figures	
5.43a-c)	show	that	the	base	of	the	of	the	3D	volume	is	positioned	directly	above	the	strong	
reflection	and	is	offset	to	the	west	of	the	gap	by	approximately	5	m.		Similar	to	the	previous	
sites,	the	weaker	reflections	that	are	represented	by	these	3D	volumes	may	be	caused	by	layers	
of	oxidized	sand	within	the	sand	unit.	
	
	
Figure	5.42:	The	9-1	East	3D	GPR	model,	viewing	(a)	toward	the	north,	(b)	toward	the	east,	and	
(c)	toward	the	south.	The	represents	the	two	groupings	of	weak	reflections	within	the	sand	unit	
interpreted	to	be	caused	by	layers	of	oxidized	sand.	
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Figure	5.42	(cont.)	
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Figure	5.43:	The	9-1	East	3D	GPR	model	viewing	toward	the	north	compared	to	GPR	
radargrams:	(a)	line	Y14,	(b)	line	Y15,	and	(c)	line	Y16.		The	northern	portion	of	the	model	has	
been	truncated	for	visibility.	
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5.4.5	Discussion	
Although	the	interpretation	of	site	9-1	East	could	not	be	ground-truthed	with	a	trench,	the	
interpreted	lateral	spread	features	are	similar	to	those	seen	in	the	previous	sites.		The	Panda	
CPT	data	at	this	site	correlate	moderately	well	with	the	GPR	radargrams,	and	the	deviation	in	
penetration	resistance	in	soundings	10,	12,	and	13	appear	to	correlate	to	the	location	of	the	3D	
volume	along	line	Y15.		This	indicates	that	the	Panda	CPT	data	encountered	layers	of	
oxidized/cemented	sand	and	effectively	identified	lithological	changes	in	the	subsurface.	
The	location	of	the	vented	sand	seen	in	aerial	imagery	and	the	fissure,	as	identified	by	the	
radargram	gap	(Figure	5.37),	were	very	closely	aligned	at	this	site,	giving	further	indication	that	
aerial	imagery	is	useful	in	locating	the	general	area	for	lateral	spread	fissures,	while	GPR	can	
identify	their	precise	sizes,	locations,	and	orientations.	
5.5	Site	9-1	Pit	
Data	collection	and	analyses	performed	at	the	9-1	Pit	site	consisted	of	a	GPR	survey	and	a	hand-
dug	pit	with	sediment	samples.		The	site	is	located	southeast	of	site	9-1	East	(Figure	4.16g),	and	
a	planar	view	of	the	GPR	survey	grid	and	pit	location	are	shown	in	Figure	4.22.	
DESCRIPTON	
5.5.1	GPR	radargrams	
The	9-1	Pit	radargrams	showed	one	prominent	reflection	between	0.2	m	and	1.1	m	in	depth	
below	the	ground	surface,	with	the	reflection	being	horizontal	with	some	shallow	undulations.		
A	shallow	dip	in	the	reflection	was	visible	at	the	northern	end	of	lines	Y4	-	Y6	(Figure	5.44).		A	
planform	map	of	the	dipping	reflection	(Figure	5.45)	shows	the	dip	is	1	m	-	1.5	m	wide	and	
located	approximately	3	m	to	the	northwest	of	the	pit.		All	radargrams	not	shown	in	Figure	5.44	
are	presented	in	Figure	H.4.		A	weaker	reflection	was	visible	near	the	surface	in	each	radargram	
and	was	most	prominent	at	the	northern	end	of	the	radargrams.	
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Figure	5.44:	Raw	and	filtered	GPR	radargrams	for	lines	Y4,	Y5,	and	Y6	at	the	9-1	Pit.		A	strong	
reflection	is	seen	at	depths	between	0.4	m	and	1.1	m.		A	dip	in	the	strong	reflection	on	the	
radargrams,	as	well	as	a	weaker	reflection,	is	seen	at	the	northern	end.	
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Figure	5.44	cont.)	
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Figure	5.45:	Map	view	of	the	dipping	reflection	seen	in	GPR	lines	Y4-Y6	in	relation	to	the	pit.	
5.5.2	Pit	lithology		
The	walls	of	the	1-m	deep	pit	consisted	of	unconsolidated,	tan-colored	sand,	while	the	floor	
comprised	stiff,	gray-colored	clay	(Figure	5.46a-b).	A	shallow,	oval-shaped	hole	was	dug	into	the	
floor	at	the	southwest	corner	of	the	pit	to	view	the	3-dimensional	character	of	a	sand	intrusion	
within	the	clay,	revealing	a	0.025-m-wide,	sand-filled	dike	(Figure	5.46b).	
Several	clay	clasts,	up	to	0.07	m	in	diameter,	were	visible	on	the	north	and	south	walls	of	the	pit	
(Figure	5.46c-e),	with	the	clasts	on	the	north	wall	possessing	rings	of	oxidized	sand	around	their	
perimeter	(Figure	5.46c).	The	west	wall	had	a	mottled	appearance	with	undulating	stringers	of	
oxidation	(Figure	5.46e).	
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Figure	5.46:	Photographs	of	the	pit:	a)	the	southwest	corner	of	pit;	b)	walls	of	sand	and	
basement	of	clay	with	sand	dike	cutting	through	basement;	c)	clay	clast	with	ring	of	oxidation	
on	north	wall;	d)	clay	clast	on	south	wall;	e)	undulating	stringer	of	oxidation	and	mottled	
appearance	within	sand	unit	on	west	wall.	
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Figure	5.46	(cont.)	
5.5.3	Sediment	samples	
Two	sediment	samples	were	taken	from	the	pit	(Figure	5.47):	sample	1	from	the	south	wall	of	
the	pit	from	the	sand	unit	directly	above	the	clay	basement,	and	sample	2	from	the	dike	cutting	
through	the	clay	floor	of	the	pit.	
Sieve	analyses	were	performed	on	both	samples.	The	Gradistat	results	indicate	that	the	coarse	
sediment	in	sample	1	consists	of	poorly	sorted,	very	fine	sand	with	a	bimodal	distribution	and	
sample	2	consists	of	moderately	sorted,	very	fine	sand	with	a	bimodal	distribution	(Table	5.8).		
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The	grain	size	frequency	curves	and	cumulative	weight	percent	curves	for	these	samples	are	
shown	in	Figures	5.48	and	5.49,	respectively.	
Hydrometer	analyses	were	also	performed	on	both	samples	(Figure	5.50).		The	results	indicate	
that	sample	1	consisted	of	17.3%	silt	and	6.8%	clay	and	sample	2	consisted	of	9%	silt	and	14%	
clay.	
	
Figure	5.47:	Locations	of	the	samples	taken	from	the	9-1	pit.	
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Sample	Number	 #1	 #2	
Sample	Type	 Bimodal,			
Poorly	Sorted	
Bimodal,	
Moderately	Sorted	
Sediment	Name		 Poorly	Sorted	
Very	Fine	Sand	
Moderately	Sorted	
Very	Fine	Sand	
Mean	 0.21	 0.19	
Sorting	 2.183	 1.98	
Skewness	 0.159	 0.133	
Kurtosis	 0.664	 0.775	
Mean	 Fine	Sand	 Fine	Sand	
Sorting	 Poorly	Sorted	 Moderately	Sorted	
Skewness	 Coarse	Skewed	 Coarse	Skewed	
Kurtosis	 Very	Platykurtic	 Platykurtic	
Mode	1	(mm)	 0.09	 0.09	
Mode	2	(mm)	 0.34	 0.34	
D10	(mm)	 0.08	 0.09	
D50	(mm)	 0.19	 0.18	
D90	(mm)	 0.64	 0.49	
(D90	/	D10)	(mm)	 0.01	 0.01	
(D90	-	D10)	(mm)	 0.55	 0.40	
(D75	/	D25)	(mm)	 0.00	 0.00	
(D75	-	D25)	(mm)	 0.30	 0.22	
%	Gravel	 0.0%	 0.0%	
%	V	Coarse	Sand	 0.8%	 1.0%	
%	Coarse	Sand	 12.3%	 6.4%	
%	Medium	Sand	 18.8%	 20.9%	
%	Fine	Sand	 16.6%	 22.7%	
%	V	Fine	Sand	 27.4%	 25.9%	
%	Finer	than	Sand*	 24.1%	 23.1%	
*Values	taken	directly	from	sieve	analysis	(not	calculated	in	Gradistat).	
Table	5.8:	Grain	size	parameters	of	the	9-1	Pit	sieve	samples	calculated	using	Gradistat.	
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Figure	5.48:	Grain	size	frequency	curves	for	the	9-1	Pit	sieve	samples.	
	
Figure	5.49:	Grain	size	distribution	curves	of	the	9-1	Pit	sieve	samples.	
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Figure	5.50:	Hydrometer	results	for	the	9-1	pit	samples.	
ANALYSIS	AND	INTERPRETATION	
5.5.4	Correlation	of	data	sets	
The	features	seen	in	the	9-1	pit	are	similar	to	those	documented	in	the	trenches	at	sites	1-1	ALT	
and	1-3	ALT.		The	clay	unit,	which	served	as	the	pit	basement,	hosted	a	narrow	sand-filled	dike	
and	was	overlain	by	a	thick	sand	unit.		These	features	are	similar	to	the	dikes	and	sand	blows	
seen	in	the	trenches,	although	the	sand	unit	in	the	9-1	pit	was	notably	thicker	than	the	sand	
units	at	the	other	sites.		This	is	interpreted	to	be	the	result	of	a	greater	volume	of	sand	being	
fluidized	due	to	the	pit	being	closer	to	the	Saint	Francis	River	than	the	other	sites.		The	presence	
of	an	elongate	fissure	was	not	confirmed	in	the	GPR	survey	at	this	site.		The	GPR	survey	lines	at	
the	9-1	Pit	ran	parallel	to	the	Saint	Francis	River	and	thus	may	have	run	adjacent	to	any	fissures	
in	the	area.		
	The	radargrams	show	a	dipping	reflector	with	a	very	narrow	width	of	approximately	1	m	–	1.5	
m	to	the	northwest	of	the	pit,	which	is	similar	in	appearance	to	the	radargram	gaps	seen	at	the	
other	sites,	although	narrower	at	the	9-1	Pit.		The	features	in	and	around	the	pit	are	
inconclusive	of	a	lateral	spread	fissure,	yet	there	is	extensive	evidence	of	lateral	spreading	in	
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this	area,	and	the	features	seen	in	the	pit	indicate	that	sand	was	fluidized	through	a	conduit	
within	the	clay	unit.		Additionally,	the	abundance	of	clay	clasts	in	the	sand	blow	material	
indicate	that	sand	was	mobilized	through	the	clay	unit,	carrying	clasts	of	fragmented	clay	
upwards	with	the	fluidized	sand.	
The	radargram	dip	is	interpreted	to	be	the	mouth	of	a	dike	(Figure	5.51),	given	its	similarity	to	
the	dikes	seen	at	sites	1-1	ALT	and	1-3	ALT.		The	strong	reflection,	indicating	the	top	of	the	clay	
unit,	is	thus	interpreted	as	the	original	surface	prior	to	the	fluidization	event.	The	uppermost	
unit	consisted	of	road	fill	that	contained	a	high	percentage	of	sand,	resulting	in	a	very	weak	
reflection	between	the	road	fill-sand	blow	boundary.		Above	the	road	fill	is	the	current	surface.	
	
Figure	5.51:	Interpretation	of	the	Y4	radargram	at	the	9-1	Pit,	showing	the	clay	host,	sand	unit,	
and	sandy	road	fill.		The	sand	dike	is	inferred	to	extend	to	the	base	of	the	clay	unit.	
5.5.5	GPR-Slice	3D	model	
A	3D	model	of	the	GPR	survey	around	the	9-1	pit	shows	a	concave	shape	that	is	offset	from	
radargram	dip	by	1	m	to	the	south.		Figures	5.52a-b	show	the	3D	volume	without	the	top	0.25	
m	for	better	visibility	of	the	features	at	depth.		These	figures	show	the	concave	shape	viewing	
toward	the	east	(Figure	5.52a)	and	from	below	(Figure	5.52b).		The	top	0.25	m	on	the	north	side	
of	the	volume	correlates	to	the	weaker	reflection	seen	in	the	radargrams	(Figures	5.52c-d).		
Figure	5.52e	compares	the	3D	volume	to	the	line	Y4	radargram.		The	base	of	the	3D	volume	
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does	not	correlate	to	the	strong	reflection	seen	in	the	radargram.		Similar	to	the	previous	sites,	
the	3D	volume	may	be	an	interpolation	between	weak	reflections	that	are	not	all	visible	to	the	
naked	eye	in	the	radargrams,	which	may	be	the	result	of	layers	of	oxidization	similar	to	the	
undulating	stringers	of	oxidation	viewed	in	the	pit	(see	Figure	5.46e).	
	
Figure	5.52:	The	9-1	Pit	3D	model:	a)	viewed	toward	the	east	with	the	top	0.25	m	removed	for	
visibility,	b)	viewed	from	below	the	model	with	the	top	0.25	m	removed	for	visibility,	c)	viewed	
to	northeast,	d)	viewed	down	from	above,	and	e)	viewed	west	compared	to	the	line	Y4	
radargram.	
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Figure	5.52	(cont.)	
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Figure	5.52	(cont.)	
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5.5.6	Discussion	
Although	the	features	seen	in	the	pit	and	GPR	radargrams	at	this	site	are	inconclusive	of	a	
lateral	spreading	event,	they	have	similarities	with	the	features	seen	at	the	other	lateral	spread	
sites.		Since	the	GPR	data	and	the	pit	did	not	overlap,	it	is	not	possible	to	say	how	well	these	
data	sets	are	correlated.		The	3D	GPR	model	did	not	directly	reflect	the	dip	seen	in	lines	Y4	
through	Y6,	however	the	model	may	have	interpolated	between	weak	reflections	caused	by	
stringers	of	oxidation	similar	to	those	seen	at	sites	1-1	ALT,	1-3	ALT,	and	in	the	9-1	pit.		
5.6	Summary	
The	data	and	interpretations	presented	in	this	chapter	have	shown	that	GPR	can	accurately	
identify	the	size,	location,	and	orientation	of	lateral	spread	fissures	in	the	subsurface.		The	GPR	
radargrams	correlated	closely	with	features	viewed	in	the	trenches,	as	well	as	the	vented	sand	
seen	in	aerial	imagery.		The	GPR	data	was	more	precise	than	aerial	imagery	in	identifying	the	
sizes,	locations,	and	orientations	of	fissures.		Additionally,	the	3D	models	generated	in	GPR-Slice	
identified	features,	such	as	stringers	of	heavy	oxidation,	that	had	weaker	reflections	in	the	
radargrams,	and	in	some	instances	were	not	visible	to	the	eye.	
The	Panda	CPT	soundings	correctly	identified	changes	in	lithology	that	correlated	to	the	strong	
reflection,	and	in	some	instances	to	weaker	reflections,	in	the	GPR	radargrams.		Although	these	
soundings	were	not	ground-truthed	with	a	trench,	the	correlation	of	these	data	sets	indicates	
that	this	tool	could	be	utilized	to	identify	the	locations	of	sand	intrusions,	such	as	lateral	spread	
fissures,	during	initial	field	investigations.	
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CHAPTER	6	
CONCLUSIONS	AND	FUTURE	DIRECTIONS	
6.1	Conclusions	
Engineers	and	geoscientists	study	relict	liquefaction	features	to	understand	earthquake-
induced	liquefaction	and	the	damage	it	causes.		Traditional	methods	for	identifying	field	sites	
for	the	study	of	these	features	are	often	inadequate	(Obermeier,	1989;	Wolf	et	al.,	1998).		The	
aim	of	the	present	study	was	to	assess	the	ability	of	GPR	to	accurately	identify	the	size,	
location,	and	orientation	of	lateral	spread	fissures	created	during	the	New	Madrid	earthquakes	
of	1811	and	1812.		GPR	surveys	were	performed	at	5	locations.		Trenches	were	dug	at	two	of	
these	locations	and	a	pit	was	dug	at	a	third	location.		Sediment	samples	were	taken	from	the	
trenches	and	pit,	and	Panda	CPT	soundings	were	measured	at	three	of	the	sites.		The	GPR	data	
was	correlated	to	the	trench	and	pit	features,	as	well	as	to	the	Panda	CPT	data.		Also	presented	
were	sieve,	hydrometer,	and	Atterberg	limits	results	for	the	sediment	samples,	a	description	of	
the	epoxy	peel	taken	from	one	trench,	and	3D	models	of	the	GPR	data.	
The	size	and	locations	of	the	features	seen	in	the	trenches	at	sites	1-1	ALT	and	1-3	ALT	
correlated	very	closely	with	the	features	in	the	GPR	radargrams	at	these	sites.		The	strong	
reflections	in	the	GPR	radargrams	correlated	closely	with	the	sand-clay	contact	seen	in	the	
trenches,	while	the	dikes	seen	in	the	trenches	correlated	closely	with	the	gaps	in	the	strong	
reflections	in	the	GPR	radargrams	at	both	sites.		The	pit	at	site	9-1	did	not	overlap	the	GPR	
survey	grid	and	thus	could	not	be	directly	correlated	to	the	GPR	data;	however,	the	features	in	
the	pit	and	GPR	radargrams	resembled	those	seen	at	sites	1-1	ALT	and	1-3	ALT.		Authorization	
was	not	granted	to	dig	trenches	at	sites	9-1	West	and	9-1	East;	however	the	GPR	radargrams	at	
these	locations	also	showed	features	similar	to	those	seen	at	sites	1-1	ALT	and	1-3	ALT.		The	
radargram	gaps	were	continuous	between	multiple	survey	lines	at	each	site,	with	the	exception	
of	the	9-1	Pit,	indicating	an	elongate	intrusion	within	the	host	unit.		The	lithologies	and	
geometries	of	the	trench	features	indicate	that	fluidized	sand	had	intruded	a	fissure	in	the	clay	
host	and	had	been	vented	at	the	surface.	
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The	gaps	seen	in	the	strong	reflections	of	the	GPR	radargrams	at	each	site	correlated	closely	in	
planar	view	with	the	directional	trends	and	elongate	shapes	of	the	vented	sand	viewed	in	aerial	
imagery.		The	GPR	radargram	gaps	were	narrower	than	the	vented	sand	seen	at	the	surface,	
indicating	that	the	GPR	surveys	could	identify	the	geometry	and	location	of	these	fissures	more	
precisely	than	aerial	imagery	alone.	
The	depth	of	the	sand-clay	contact	at	sites	1-1	ALT	and	1-3	ALT	exhibited	a	trend	where	the	
contact	on	the	side	of	the	fissure	adjacent	to	the	nearest	river	had	subsided	relative	to	the	
contact	on	the	opposite	side	of	the	fissure.		This	trend	was	not	consistent	in	the	GPR	
radargrams	for	sites	9-1	West	and	9-1	East,	where	the	deeper	side	appeared	to	alternate	along	
the	length	of	the	fissure.		
The	Panda	CPT	soundings	at	sites	1-3	ALT,	9-1	West,	and	9-1	East	consistently	indicated	a	
change	in	lithology	with	depth	that	correlated	closely	to	the	strong	reflections	seen	in	the	GPR	
radargrams	at	each	site,	thus	indicating	that	the	Panda	CPT	soundings	could	be	an	accurate	tool	
for	identifying	clastic	intrusion,	such	as	lateral	spread	fissures,	in	the	field.		
The	3D	GPR	models	of	sites	1-1	ALT	and	1-3	ALT	correlated	closely	with	the	locations	of	the	
stringers	of	heavy	oxidation	seen	in	the	trenches,	as	well	as	debris	within	the	till	zone	at	site	1-1	
ALT.		The	3D	GPR	models	of	sites	9-1	West	and	9-1	East	filled	a	broader	area	above	the	sand-
clay	contact	than	the	models	for	sites	1-1	ALT	and	1-3	ALT,	indicating	that	oxidation	at	these	
sites	was	dispersed	over	a	larger	area,	as	opposed	to	the	thin	stringers	at	the	other	sites.		The	
3D	model	of	the	9-1	Pit	resembled	the	general	shape	of	the	strong	reflections	and	gaps	visible	
in	the	GPR	radargrams,	although	they	were	offset	in	both	the	vertical	and	the	horizontal	
directions.	
6.2	Future	directions	
This	study	has	demonstrated	that	GPR	can	accurately	identify	the	size,	location,	and	orientation	
of	lateral	spread	fissures,	while	3D	GPR	models	can	identify	lithological	features,	such	as	layers	
of	oxidation,	that	may	not	be	visible	to	the	naked	eye	in	radargrams.		Additionally,	Panda	CPT	
data	correctly	identified	lithological	changes	in	the	subsurface	and	would	be	especially	useful	in	
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locating	sand	intrusions,	such	as	lateral	spread	fissures,	during	initial	field	investigations	and	in	
locations	where	GPR	surveys	are	not	possible.			
This	study	was	performed	in	areas	with	high	contrast	between	the	relative	dielectric	
permittivities	of	the	host	material	(clay)	and	the	intrusion	(sand)	(see	Table	4.3).		Areas	where	
the	intrusion	and	host	material	have	similar	relative	dielectric	permittivities	may	be	more	
difficult	to	identify	with	GPR.		This	study	focused	on	areas	with	little	vegetation,	whereas	
establishing	a	survey	grid	in	heavily	forested	areas	may	pose	a	challenge	as	thick	grasses	or	
rocky	soils	may	impede	radar	penetration.		Additionally,	the	Panda	CPT	surveys	did	not	overlap	
the	trenches	or	pit	at	any	of	the	sites	in	this	study,	and	thus	the	sounding	accuracy	was	not	
ground-truthed.		It	would	be	useful	to	perform	additional	Panda	CPT	soundings	that	are	
ground-truthed	with	electric	logs,	core	samples,	or	trenches.		Additional	studies	to	determine	
the	mechanism	that	causes	the	host	on	one	side	of	the	fissure	to	subside	relative	to	the	
opposite	side	would	also	be	worthwhile.	
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APPENDIX	A	
RECTIFYING	ORTHOPHOTOQUADS	IN	ESRI	ARCGIS	
(1) Create	a	map	in	ArcMap	using	the	“USA	Base	Map”	layer	from	the	“Data	and	Maps”	folder	
included	with	the	ArcGIS	installation	package.		Base	layers	are	also	available	on	ArcGIS	
online.	
	
(2) Make	the	“Georeferencing”	toolbar	visible.		Select	the	“Customize”	menu	à	Select	
“Toolbars”	àSelect	“Georeferencing”.	
	
	
(3) Zoom	to	the	quadrangle	where	scanned	orthophotoquad	will	be	rectified.		In	this	case,	the	
“Hatchie	Coon”	orthophotoquad	will	be	rectified.		
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(4) Drag	and	drop	the	raster	file	to	be	rectified	into	the	“Table	of	Contents”	menu	à	Select	the	
“OK”	button	when	the	“Unknown	Spatial	Reference”	pop-up	box	appears.	
		 	
	
(5) Select	the	“Yes”	button	when	the	“Create	pyramids	for	[…]”	pop-up	menu	appears.	
	
	
(6) Select	the	layer	to	georeference	in	the	right	drop-down	menu	of	the	“Georeferencing”	
toolbar	à	Select	the	left	“Georeferencing”	drop-down	arrow	à	Select	“Fit	To	Display”.	
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(7) The	raster	image	should	now	be	centered	on	the	screen.	
	
	
(8) Align	the	corners	of	the	aerial	image	with	the	corners	of	the	topographic	boundary	using	
control	points.		Zoom	in	with	both	north-west	corners	visible	à	Select	the	“Add	Control	
Points”	tool	in	the	“Georeferencing”	toolbar.	
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(9) Select	the	corner	of	the	aerial	image	à	Select	the	coordinating	corner	of	the	topographic	
map	boundary.	
	
	
(10) Repeat	steps	8	and	9	with	the	remaining	three	corners.	
	
	
(11) Right-click	the	raster	layer	in	the	“Table	of	Contents”	menu	à	Select	“Zoom	To	Layer”.	
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(12) Ensure	that	all	four	corners	are	aligned.	
	
	
(13) Verify	that	the	“Total	RMS	Error”	is	less	than	10.		Select	the	“Link	Table”	icon	in	the	
“Georeferencing”	toolbar	à	Verify	the	“Total	RMS	Error”	value	in	the	“Link	Table”.		If	the	
“Total	RMS	Error”	is	greater	than	10,	delete	and	re-do	links	that	appear	off-set		à	Save	the	
“Link	Table”	record.	
*	“Acronym	for	root	mean	square	error.	A	measure	of	the	difference	between	locations	
that	are	known	and	locations	that	have	been	interpolated	or	digitized.	RMS	error	is	derived	
by	squaring	the	differences	between	known	and	unknown	points,	adding	those	together,	
dividing	that	by	the	number	of	test	points,	and	then	taking	the	square	root	of	that	result.”	
http://support.esri.com/en/knowledgebase/GISDictionary/term/RMS%20error	
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(14) Rectify	the	raster.	Select	the	“Georeferencing”	drop-down	arrow	in	the	“Georeferencing”	
toolbar	à	Select	“Rectify”		à	Select	an	output	location	on	the	pop-up	menu		à	Name	the	
new	rectified	raster	à	Select	the	“Save”	button.	
	
	
	
(15) Replace	the	original	raster	with	the	rectified	raster.		Right-click	the	original	raster	layer	in	
the	“Table	of	Contents”	menu	à	Select	“Remove”	à	Drag	and	drop	the	rectified	raster	
into	the	“Table	of	Contents”	menu.	
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(16) Clip	the	raster	edges	using	a	new	shapefile	as	a	template.		Open	ArcCatalog	à	Right	click	
on	the	folder	where	the	new	shapefile	will	be	saved	à	Select	“New”	à	Select	“Shapefile”.		
	
	
(17) In	the	“Create	New	Shapefile”	menu,	enter	a	name	for	the	new	shapefile	à		Select	
“Polygon”	from	the	“Feature	Type”	drop-down	menu	à	Select	the	“OK”	button	à	Select	
the	“OK”	button	in	the	“Unknown	Spatial	Reference”	pop-up	menu.	
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(18) Start	editing	the	newly	created	shapefile	to	match	the	topographic	boundary.		Right-click	
the	new	shapefile	layer	in	the	“Table	of	Contents”	menu	à	Select	“Edit	Features”	à	Select	
“Start	Editing”.	
	
	
(19) Select	the	“Create	Features”	icon	in	the	“Editor”	toolbar.	
	
	
(20) Select	the	layer	to	edit	in	the	“Create	Features”	menu	à	Close	the	menu.	
	
	
(21) Select	the	“Straight	Segment”	icon	in	the	“Editor”	toolbar	to	add	vertices.	
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(22) Left-click	on	the	first	three	corners	of	the	topographic	boundary	à	Double-click	the	final	
corner	to	finish	adding	vertices.	
	
	
(23) Select	the	“Editor”	drop-down	arrow	à	Select	“Save	Edits”	à	Select	“Stop	Editing”.	
	
	
(24) Navigate	to	the	Raster	Processing	Clip	tool.		Open	ArcCatalog	à	Navigate	to	“Toolboxes”	>	
“System	Toolboxes”	>	“Data	Management	Tools.tbx”	>	“Raster”	>		“Raster	Processing”	>	
“Clip”.		There	are	multiple	“Clip”	tools	available	in	ArcMap.		Only	the	Raster	Processing	Clip	
tool	will	work	for	this	purpose.	
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(25) Fill	out	the	“Clip”	menu.		Drag	and	drop	the	rectified	raster	layer	from	the	“Table	of	
Contents”	menu	into	the	“Input	Raster”	field	à	Drag	and	drop	the	newly-created	shapefile	
layer	from	the	“Table	of	Contents”	menu	into	the	“Output	Extent	(optional)”	field	à	Select	
the	“Use	Input	Features	For	Clipping	Geometry	(optional)”	box	à	Enter	the	file	location	
and	new	file	name	in	the	“Output	Raster	Dataset”	field	à	Select	the	“OK”	button.	
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(26) The	clipped	raster	will	automatically	be	added	to	the	“Table	of	Contents”	menu.		The	edges	
of	the	raster	should	have	been	removed.		Remove	the	rectified	raster	from	the	“Table	of	
Contents”	menu,	as	described	in	step	15.	
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(27) Delete	the	newly-created	shapefile	as	it	will	no	longer	be	needed.		Remove	the	shapefile	
from	the	“Table	of	Contents”	menu,	as	described	in	step	15.		Navigate	to	the	shapefile	in	
the	ArcCatalog	menu	à	Select	the	shapefile	à	Select	“Delete”.	
	
	
(28) Repeat	steps	3	thru	27	for	each	orthophotoquad.	
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APPENDIX	B	
CREATING	3D	MODELS	IN	GPR-SLICE	SOFTWARE	
This	appendix	is	a	step-by-step	guide	for	creating	a	3D	model	in	GPR-Slice	software	is	shown.		
Data	from	site	9-1	East	is	used	as	an	example.		Additional	descriptions	of	each	menu,	as	well	as	
suggested	values	to	use	are	available	in	the	GPR-Slice	user	manual:	Goodman	(2012).	
(1) A	new	project	was	created	for	GPR	survey	site	9-1	East:	
Open	GPR-Slice	software	à	Select	“File”	à	Select	“create	new	project”	à	Select	the	
“Browse”	button	à	Enter	the	new	“Survey	Name”:	9-1_East	à	Select	Equipment	Type:	
“Noggin”	à	Select	the	“new	survey”	button	à	Close	the	menu.	
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(2) All	of	the	survey	data	required	for	the	data	processing	was	transferred	into	the	new	
project.		Three	types	of	files	were	transferred:	DT1,	GPS,	and	HD.		The	DT1	file	is	the	data	
file	for	each	line,	which	includes	the	time	to	each	conductivity	boundary	at	each	trace.		A	
trace	is	the	point	at	which	each	radar	signal	is	sent.	The	GPS	file	includes	the	GPS	
coordinates	for	each	trace.		The	HD	file	is	the	header	file	for	each	line,	which	includes	the	
general	equipment	and	survey	information.			
Select	“File”	à	Select	“transfer	data”	à	Select	the	“browse”	button	à	Browse	to	the	raw	
data	file	containing	the	GPR	data	à	Select	“*.	DT1”	from	the	drop-down	menu	à	Select	
the	“search”	button	à	Select	the	“import	radargram	data	to	\raw\	folder”	button	à	Select	
“*.	GPS”	from	the	drop-down	menu	à	Select	the	“search”	button	à	Select		the	“import	
radargram	data	to	\raw\	folder”	button	à	Select	“*.	HD”	from	the	drop-down	menu	à	
Select	the	“search”	button	à	Select	the	“import	radargram	data	to	\raw\	folder”	button	à	
Close	the	menu.	
	
	
(3) Names	were	assigned	to	each	file	to	identify	each	line:	
Select	“File”	à	Select	“create	new	info”	à	Enter	number	of	files:	21	à	file	identifier:	LineY	
à	ending	identifier:	.dt1	à	name	increment:	1	à	name	start:	0	à	GPS	à	Select	the	
“create	info”	button	à	Close	the	menu	.	
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(4) Time	stamps	were	assigned	to	each	trace	and	coordinates	were	converted	to	UTM	format:	
Select	“File”	à	Select	“edit	info	file”	à	Select	the	“SS	get	ts”	button	à	Select	the	“OK”	
button	for	both	pop-up	windows	à	Select	the	“NMEA	to	utm”	button	à	Select	the	”OK”	
button	for	the	pop-up	window	à	Select	the	“save	edits”	button	à	Close	the	menu.	
**The	“resampled	scans/mark”	field	will	automatically	be	assigned	by	the	program	in	this	
step.		This	value	will	be	changed	manually	when	the	radargrams	are	resampled	(step	8).		
According	to	Goodman	(2012),	“The	scans/mark	is	the	number	of	scans	to	resample	the	
radargrams	to	during	the	slice/resample	process	in	the	Slice	Menu.	This	value	should	be	set	
to	a	reasonable	size.	If	it	is	set	to	[sic]	small,	radargrams	will	look	pixilated	and	loss	of	
information	will	occur.	If	the	value	is	set	to	[sic]	big,	then	the	files	will	be	increased	in	size	
unnecessarily	and	will	slow	down	GPR-SLICE	processes.”			
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(5) Convert	data	to	GPR-Slice	format	and	assign	gain	properties:	
Select	“File”	à	Select	“convert	data”	à	Select	the	“Noggin	16	to	16	bit”	button.	
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When	the	“format	conversions”	menu	opens:	
Enter	gain:	100,	lin	gain:	100,	exp.	gain:	1,	st	pt:	5	à	Select	the	“make	gain”	button.			
**To	determine	the	correct	gain	start	point,	begin	with	the	start	point	closest	to	ground	
level.		Roll	the	cursor	over	the	radargrams	(box	3)	both	vertically	and	horizontally	to	
observe	the	wobble	lines	on	the	right-hand	side	of	the	box.		If	the	wobble	lines	are	off	scale,	
increase	the	“start	pt”	and	re-select	the	“make	gain”	button.		Repeat	until	all	or	nearly	all	of	
the	wobble	lines	are	within	scale.	
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**Once	the	start	pt	is	set,	the	correct	gain	and	lin	gain	are	determined.		Start	with	“100”	for	
both	values	and	perform	the	wobble	test,	as	described	above.		Perform	the	wobble	test	
after	increasing	the	values	in	increments	of	100.		When	the	wobble	lines	go	off	scale,	the	
values	are	too	high.		The	exp.	gain	value	will	only	be	adjusted	if	little	can	be	seen	in	the	
radargram,	indicating	a	medium	with	very	high	conductivity.	
At	start	pt:	3,	numerous	wobble	lines	were	off-scale:	
	
At	start	pt:	4,	fewer	wobble	lines	were	off-scale:	
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At	start	pt:	5,	wobble	lines	were	within	scale:	
	
Once	the	best	start	point	is	determined:	
Select	the	“batch	gain-wobble”	button	à	Close	the	“format	conversion”	menu		à	Close	
the	“Radargram	Conversion”	menu.	
	
(6) Duplicate	GPS	coordinates	were	removed:	
Select	“File”	à	Select	“gps	track”	à	Select	the	“del	double	gps”	button	à	Select	“OK”	in	
the	pop-up	menu	à	Close	the	menu.	
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(7) Assign	the	navigation	marker:	
Select	“Navigation”	à	Select	“markers”	à	Select	the	“4.	GPS/Vector/Trace#”	button	à	
Close	the	menu.	
**This	menu	instructs	the	program	whether	to	use	GPS	points	collected	during	the	GPR	
survey	or	to	assign	artificial	points	based	on	the	length	of	the	survey	lines	(Goodman,	
2012).	
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(8) Resample	radargrams:	
Select	“Slice”	à	Select	“slice/resample”	à	Toggle	“\radar\”	à	Enter	#	of	slices:	20;	
thickness:	samples:	13,	ns	5.2;	sample:	start:	47,	end:	175;	cuts	per	mark:	2;	slicing	overlap:	
50%;	cut	parameter:	“abs(amplitude)”	à	toggle	“XYZ”	à	file	identifier:	a	à	select	the	
“show	example”	button.	
**Resampling	the	radargrams	prepares	the	radargrams	for	the	interpolation	steps	that	
follow.		This	step	defines	where	the	interpolations	will	begin	and	finish	along	the	vertical	
axes	of	the	radargrams	(Goodman,	2012).	
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**”Sample	start”	and	“sample	end”	define	the	top	and	bottom	surfaces,	respectively,	of	the	
interpolation	(Goodman,	2012).		These	values	can	be	determined	by	opening	the	“Time	
Slice	Window”,	as	shown	below.	
**“#	of	slices”	indicates	the	number	of	2D	interpolations	that	will	be	made	between	
radargrams	in	the	next	steps.		“Slicing	overlap”	defines	how	much	the	2D	interpolations	will	
overlap	each	other	in	the	vertical	dimension.		Overlap	must	be	greater	than	0%	to	create	a	
cohesive	3D	interpolation	in	later	steps	(Goodman,	2012).	
**“Thickness:	samples”	will	automatically	set	when	the	previously	described	values	are	set.		
This	value	defines	the	thickness	of	the	interpolations	in	the	vertical	dimension.	
**Cuts	per	mark:	“This	value	tells	GPR-SLICE	slicing	routines	how	often	to	create	an	average	
between	navigation	markers…		[In	the	cuts	per	mark	pop-up	menu,]	yellow	vertical	lines	will	
appear	showing	the	density	of	horizontal	averages	to	be	made	along	the	radar	tract.”	
(Goodman,	2012).		The	value	“2”	was	chosen	for	this	model,	because	the	cuts	were	closely	
spaced	but	not	visibly	over-lapping,	as	shown	below.		This	allows	for	some	averaging	
between	navigation	markers,	but	will	still	display	small	changes	in	conductivity	along	the	
horizontal	axis	of	the	radar	tract.		
**The	“abs(amplitude)”	cut	parameter	is	the	standard	parameter	used	for	modeling	
geologic	materials.		Additional	details	about	the	cut	parameter	are	discussed	in	the	GPR-
Slice	user	manual:	Goodman	(2012).	
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When	the	“Time	Slice	Windows”	menu	opens:	
The	“Time	Slice	Windows”	menu	allows	you	to	view	the	time	slice	distribution	with	depth.		
Verify	that	the	features	you	wish	to	model	are	encompassed	by	the	time	slices	in	each	
radargram.		Display	the	radargrams	by	selecting	the	radargram	from	the	drop-down	menu	
on	the	top	right	of	the	menu.		Select	the	“import	radargram”	button	to	display	the	
radargram.		As	explained	above,	the	cuts	per	mark	should	be	close	together	but	not	
touching.		To	view	the	cuts	per	mark,	select	the	“show	cuts	per	mark”	button.		Close	the	
menu	when	finished	(Goodman,	2012).	
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“Time	Slice	Windows”	menu	showing	the	time	slice	distribution	without	cuts	per	mark:	
	
	
“Time	Slice	Windows”	menu	with	cuts	per	mark	displayed:	
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Create	the	2D	time	slices:	
Select	the	“slice	&	resample	&	XYZ”	button.	
**The	program	creates	horizontal	interpolations	between	radargrams,	called	2D	time	
slices.		The	program	utilizes	time	rather	than	depth	to	create	the	horizontal	slices.		The	2D	
time	slices	will	be	used	to	interpolate	in	three	dimensions	and	create	3D	volumes	in	later	
steps.	
Verify	that	the	number	of	resampled	scans	is	within	range:	
**According	to	Goodman	(2012),	a	general	rule	is	to	ensure	that	the	“#	of	scans”	and	the	“#	
of	resampled	scans”	are	with	100	of	each	other	(see	description	of	“samples/mark”	in	step	
4).		Observe	the	“#	of	scans”	and	the	“#	of	resampled	scans”	in	the	pop-up	window.		In	this	
case,	the	“#	of	resampled	scans”	is	too	high,	so	the	“resampled	scans	per	mark”	in	the	
Fileà	edit	info	menu	should	be	adjusted.	
	
Reduce	the	“resampled	scans	per	mark”	value:	
Select	“File”	à	Select	“edit	info	file”	à	Change	“resampled	scans	per	mark“	to	15	à	Select	
the	“save	edits”	button	à	Close	the	menu.	
**The	value	was	reduced	by	10	in	this	example.		This	number	was	chosen	arbitrarily	and	
will	depend	on	the	disparity	between	the	“#	of	scans”	and	the	“#	of	resampled	scans”	
values.	
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Return	to	Slice	menu	and	rerun	slice	&	resample	&	XYZ	function:	
Select	“Slice”	à	Select	“slice/resample”	à	Select	the	“slice	&	resample	&	XYZ”	button	à	
Observe	the	“#	of	scans”	and	the	“#	of	resampled	scans”	in	the	pop-up	window	à	Readjust	
the	“resampled	scans/mark”	in	the	“Edit	Information	File”	menu	and	rerun	the	“slice	&	
resample	&	XYZ”	function	until	desired	results	are	achieved	à	Close	the	“Slice	and	
Resample”	menu	when	complete.	
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(9) Grids	were	created	to	interpolate	amplitude	between	GPR	lines:	
*Details	on	the	interpolation	process	and	the	suggested	values	to	use	can	be	found	in	the	
GPR-Slice	user	manual:	Goodman	(2012).	
Select	“Grid”	à	Select	“grid”	à	Select	the	“help	set”	button	to	ensure	the	grid	
encompasses	the	entire	surveyed	area	à	Enter	grid	cell	size:	0.05;	cell	size:	draft;	search:	
broader;	search	type:	elliptical;	X-search	radius:	1.5;	Y-search	radius:	1.5;	blanking	radius:	
1.5	(The	search	radii	should	be	1.5x-2x	the	grid	spacing.		In	this	case,	the	GPR	lines	were	1	
m	apart,	so	the	search	radii	were	assigned	a	value	of	1.5);	stagger	length:	0;	toggle	“inverse	
distance”;	inverse	dist	wt:	2;	input	grd/dat	indent:	a;	number	of	slices:	20;	starting	slice	#:	
1;	autoscaling:	100%	à	Select	the	“gridding”	button	à	When	gridding	is	complete,	close	
the	pop-up	menu.	
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Apply	the	gridding	filter:	
**The	5x5	low	pass	filter	is	commonly	used	in	surveys	of	geological	materials.		Additional	
details	on	the	filters	available	in	this	program	can	be	found	in	the	GPR-Slice	user	manual:	
Goodman	(2012).	
Select	“filter	type”:	5x5	low	pass	à	Enter	append	identifier:	l	à	Select	the	“2D	filter”	
button	à	When	filtering	is	complete,	close	the	pop-up	menu		à	Close	the	“Gridding”	
menu.	
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(10) Three	dimensional	time	slices	were	created	to	generate	a	3D	volume	of	interpolated	
amplitudes:	
Select	the	“TSlice”	button	à	select	“la:	from	the	“identifier	list”	drop-down	menu	à	Select	
the	“absolute”	toggle	à	Select	the	“draw”	button.	
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The	“Time	Slices”	pop-up	window	will	show	the	drawn	time	slices:		
	
Modify	the	display	of	the	time	slices	by	changing	the	resistance-color	distribution:	
Left	click	images	in	Time	Slice	pop-up	window	à	In	the	“Transform	Controls”	pop-up	
menu,	select	the	“square	root”	button	à	Select	the	“save	all”	button	à	Select	the	“auto-
gain-all”	button	àSelect	the	“redraw”	button	à		Repeat	until	best	result	is	achieved	à	
Close	the	“Transform	Controls”	pop-up	menu	à	Close	the	“Time	Slices”	pop-up	menu.	
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Save	the	3D	interpolation:	
In	the	Time	Slice	“Pixel	Maps”	menu,	enter:	interpolations:	3,	identifier:	i,	la-i3d.dat	à	
Select	the	“interpolate	+	3D	file”	button	à	Close	the	menu.	
**Using	3	interpolations	is	standard.		Additional	details	on	the	interpolation	process	can	be	
found	in	the	GPR-Slice	user	manual:	Goodman	(2012).	
In	this	case,	the	time	slices	look	blobby,	so	the	X-search	radius,	Y-search	radius,	and	
blanking	radius	were	modified	in	the	Gridding	menu	and	steps	10	and	11	were	repeated	
until	satisfactory	interpolations	were	visible	in	the	“Time	Slices”	pop-up	menu.		Satisfactory	
interpolations	were	attained	with	an	X-search	radius,	Y-search	radius,	and	blanking	radius	
of	9.	
(11) Enter	the	velocity	in	the	Plot	Options	menu:	
**The	velocity	will	determine	the	depth	scale	displayed	on	the	3D	model	and	radargrams.		
The	velocities	for	a	sample	of	geologic	materials,	as	given	by	Burger	et	al.	(2006),	are	
	
	
	 185	
shown	in	Table	4.3.		These	velocities	for	dry	and	wet	sand	proved	to	be	accurate	during	this	
study	when	the	depths	of	the	GPR	features	were	compared	to	the	depths	of	the	
corresponding	features	seen	in	the	trenches.	
Select	the	“options”	button	from	main	menu	à	Enter	the	velocity	[at	this	site,	the	velocity	
for	dry	sand	(0.15	m/ns)	was	used	because	dry	sand	was	observed	in	the	field]	à	Close	the	
menu.	
	
(12) View	the	3D	volume:	
Select	the	“OpenGL”	button	à	Select	the	“helpset”	button	à	Check	the	“lite”	and	“fill”	
check	boxes	à	Enter	75	in	the	iso	box	à	select	the	“iso-L”	button.	
**The	“helpset”	button	sets	the	vertical	and	horizontal	extent	of	the	model	to	include	the	
complete	model,	rather	than	truncating	it.	
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**The	3D	model	can	be	displayed	based	on	relative	amplitude.		The	legend	gives	the	
minimum	and	maximum	amplitude	present	within	the	model.		The	value	entered	into	the	
iso	box	determines	the	volume	that	you	wish	to	display	with	respect	to	the	legend.	A	lower	
value,	such	as	“25”,	will	display	all	amplitudes	that	are	25%	of	the	maximum	amplitude	and	
higher.		Lower	values	yield	a	larger	volume	and	often	do	not	give	a	clear	indication	of	the	
unique	features	within	the	model.		In	contrast,	higher	values,	such	as	“75”,	will	often	show	
more	details,	because	it	filters	out	the	majority	of	the	background	reflections.		The	iso	box	
value	should	be	adjusted	to	find	the	value	that	best	filters	out	the	background	reflections	
and	displays	the	true	subsurface	features.	
	
(13) Filters	were	applied	to	the	data	to	remove	background	noise	from	radargrams:	
**Filtering	is	appropriate	for	removing	background	noise	when	viewing	radargrams,	
however	Goodman	(2012)	recommends	against	using	filtered	data	for	3D	modeling	of	
geologic	materials.	
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**The	filters	and	filter	values	used	in	this	example	were	chosen	by	trial	and	error.		The	pre-	
and	post-filter	radargrams	were	compared	visually	to	determine	feature	clarity.	
**The	background	filter	“is	useful	in	removing	striations	noises	in	the	time	slice	grids.	The	
filter	is	also	useful	in	removing	the	mosaic	patterns	caused	by	connecting	adjacent	grids	
collected	at	different	times	or	during	different	ground	conditions”	(Goodman,	2012).	
**The	bandpass	filter	will	“remove	unwanted	frequencies	in	the	radar	pluses”	(Goodman,	
2012).	
**The	boxcar	filter	“takes	and	average	over	the	entire	(rectangle	–	boxcar)	and	subtracts	
this	value	from	the	center	of	the	filter…	[L]ocal	changes	are	magnified	in	the	grid	and	
background	reflection	features	are	removed”	(Goodman,	2012).	
Select	“Filter”	à	Toggle	“\resample\”	à	In	the	boxcar	section	on	the	left,	enter	width:	1;	
height:	1	à	In	the	RSP	Batch	section	on	the	right:	select	process	1:	background;	process	2.	
bandpass;	process	3.	boxcar		à	Select	the	“RSP	BATCH”	button	à	Observe	the	filters	as	
they	are	applied	and	adjust	settings	accordingly.	
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APPENDIX	E	
SEDIMENT	SAMPLE	DATA	
This	appendix	displays	the	results	for	sieve,	hydrometer,	and	Atterberg	limits	analyses.	
Site	1-1	Alt	
Project:	 Site	1-1	ALT	Trench	 Date:	 5/14/13	
Operator:	 Lucas	Strom	 Wet	Mass	(g):	 135.5	
Sample	No.:	 #2	 Air	Dry	Mass	(g):	 92	
Soil	Desc.:	 Dark-colored	sand	at	4.3	m	from	sand	blow	 Container	Mass	(g):	 176	
		 	 	 	 	 	 	 		
Sieve	No.	 Sieve	Opening	(mm)	
Cumulative	mass	
retained	(g)	
Cumulative	
%	retained	
Percent	
Finer	 	 	 		
4	 4.76	 1	 1.09	 98.91	 D10	 0.109	 mm	
10	 2.00	 3	 3.26	 96.74	 D30	 0.433	 mm	
20	 0.84	 20.5	 22.28	 77.72	 D50	 0.533	 mm	
40	 0.42	 54.5	 59.24	 40.76	 D60	 0.690	 mm	
60	 0.25	 73	 79.35	 20.65	 	 	 		
100	 0.150	 81	 88.04	 11.96	 Cu	 6.34	 		
140	 0.105	 83	 90.22	 9.78	 Cc	 2.50	 		
200	 0.075	 86	 93.48	 6.52	 	 	 		
Pan	 0.001	 92	 100.00	 0.00	 		 		 		
	 	 	 	 	 	 	 	Table	E.1:	Sieve	data	for	1-1	ALT	sample	2.	
	
	
Project:	 Site	1-1	ALT	Trench	 Date:	 4/22/13	
Operator:	 Lucas	Strom	 Wet	Mass	(g):	 207.5	
Sample	No.:	 #4	 Air	Dry	Mass	(g):	 186.5	
Soil	Desc.:	 Tan-colored	sand	from	sand	blow	at	11.3	m	 Container	Mass	(g):	 		
		 	 	 	 	 	 	 		
Sieve	No.	 Sieve	Opening	(mm)	
Cumulative	mass	
retained	(g)	
Cumulative	
%	retained	
Percent	
Finer	 	 	 		
4	 4.76	 4	 2.14	 97.86	 D10	 0.116	 mm	
10	 2.00	 7	 3.75	 96.25	 D30	 0.220	 mm	
20	 0.84	 15	 8.04	 91.96	 D50	 0.304	 mm	
40	 0.42	 47	 25.20	 74.80	 D60	 0.346	 mm	
60	 0.25	 121	 64.88	 35.12	 	 	 		
100	 0.150	 158.5	 84.99	 15.01	 Cu	 2.98	 		
140	 0.105	 171.5	 91.96	 8.04	 Cc	 1.20	 		
200	 0.075	 180.5	 96.78	 3.22	 	 	 		
Pan	 0.001	 186.5	 100.00	 0.00	 		 		 		
	 	 	 	 	 	 	 	
Table	E.2:	Sieve	data	for	1-1	ALT	sample	4.	
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Project:	 Site	1-1	ALT	Trench	 Date:	 6/3/13	
Operator:	 Lucas	Strom	 Wet	Mass	(g):	 --	
Sample	No.:	 #5	 Air	Dry	Mass	(g):	 185	
Soil	Desc.:	 Tan-colored	sand	from	center	of	dike	at	18.7	m	(depth	1.2	m)	 Container	Mass	(g):	 210	
		 	 	 	 	 	 	 		
Sieve	No.	 Sieve	Opening	(mm)	
Cumulative	mass	
retained	(g)	
Cumulative	
%	retained	
Percent	
Finer	 	 	 		
4	 4.76	 0	 0.00	 100.00	 D10	 0.032	 mm	
10	 2.00	 0.5	 0.27	 99.73	 D30	 0.099	 mm	
20	 0.84	 2.5	 1.35	 98.65	 D50	 0.134	 mm	
40	 0.42	 14.5	 7.84	 92.16	 D60	 0.157	 mm	
60	 0.25	 36	 19.46	 80.54	 	 	 		
100	 0.150	 78	 42.16	 57.84	 Cu	 4.89	 		
140	 0.105	 123	 66.49	 33.51	 Cc	 1.94	 		
200	 0.075	 162	 87.57	 12.43	 	 	 		
Pan	 0.001	 185	 100.00	 0.00	 		 		 		
	
Table	E.3:	Sieve	data	for	1-1	ALT	sample	5.	
	
	
	
Project:	 Site	1-1	ALT	Trench	 Date:	 5/20/1
3	Operator:	 Lucas	Strom	 Wet	Mass	(g):	 405	
Sample	No.	 #6	 Air	Dry	Mass	(g):	 378	
Soil	Desc.:	 Tan-colored	sand	from	east	edge	of	dike	at	18.9	m	(depth	1.2	m)	 Container	Mass	
(g):	
521	
		 	 	 	 	 	 	 		
Sieve	No.	 Sieve	Opening	(mm)	
Cumulative	mass	
retained	(g)	
Cumulative	
%	retained	
Percent	
Finer	 	 	 		
4	 4.76	 0.5	 0.13	 99.87	 D10	 0.116	 mm	
10	 2.00	 9	 2.38	 97.62	 D30	 0.205	 mm	
20	 0.84	 17	 4.50	 95.50	 D50	 0.285	 mm	
40	 0.42	 64	 16.93	 83.07	 D60	 0.320	 mm	
60	 0.25	 231	 61.11	 38.89	 	 	 		
100	 0.150	 317.5	 83.99	 16.01	 Cu	 2.77	 		
140	 0.105	 348.5	 92.20	 7.80	 Cc	 1.14	 		
200	 0.075	 367	 97.09	 2.91	 	 	 		
Pan	 0.001	 378	 100.00	 0.00	 		 		 		
	
Table	E.4:	Sieve	data	for	1-1	ALT	sample	6.	
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Project	 Site	1-1	ALT	Trench	
Sample	No.	 #1	
Test	Date	 07/03/13	
Operators	 LS	
Hydrometer	Number	 152H	
Specific	Gravity	of	Solids	 Not	computed	
Dispersing	Agent	 Sodium	Hexametaphosphate,	5g	(40g/L	solution)	
Weight	of	Soil	Sample	 50	gm	
Zero	Correction	 5.5	
Meniscus	Correction	 1	
	 	 	 	 	 	 	 	
Elapsed	Time,	
t	(min)	
Temp	
(°C)	
Actual	Hydro.	
Rdg.	(R_a)	
Hyd.	Corr.	
For	Meniscus	
L	from		
Table	1	(cm)	
K	from	
Table	2	
D	
(mm)	
C_T	from	
Table	3	
0	 ---	 ---	 ---	 ---	 ---	 ---	 ---	
2.00	 22.7	 15	 14	 13.8	 0.013215	 0.0347	 0.61	
5	 22.7	 14	 13	 14.2	 0.013215	 0.0223	 0.61	
15	 22.7	 13	 12	 14.3	 0.013215	 0.0129	 0.61	
30	 22.7	 13	 12	 14.3	 0.013215	 0.0091	 0.61	
60	 22.7	 13	 12	 14.3	 0.013215	 0.0065	 0.61	
250	 22.8	 12	 11	 14.5	 0.0132	 0.0032	 0.64	
480	 22.6	 12	 11	 14.5	 0.01323	 0.0023	 0.58	
1440	 22.4	 11	 10	 14.7	 0.01326	 0.0013	 0.52	
	 	 	 	 	 	 	 	
a	from				
Table	4	
Corr.	Hydr.	
Rdg.	(Rc)	
%	Finer				
P	
%	Adjusted	
Finer	(P_A)	
---	 ---	 ---	 ---	
1	 10.11	 20.2	 20.2	
1	 9.11	 18.2	 18.2	
1	 8.11	 16.2	 16.2	
1	 8.11	 16.2	 16.2	
1	 8.11	 16.2	 16.2	
1	 7.14	 14.3	 14.3	
1	 7.08	 14.2	 14.2	
1	 6.02	 12.0	 12.0	
Table	E.5:	Hydrometer	data	for	1-1	ALT	sample	1.	
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Project:	Site	1-1	ALT	Trench	
Sample	No.:	#3	
Sample	Description:	Stiff	blue-gray	clay	from	host	at	4.3	m	
		 	 	 	 		
LIQUID	LIMIT	
Blow	Count	(N)	 Wet	Weight	(g)	 Dry	Weight	(g)	 Water	Content	(%)	 Liquid	Limit	(%)	
16	 20.87	 17.75	 78.99	
75.46	28	 26.95	 23.39	 74.32	
29	 27.7	 23.7	 74.07	
		 	 	 	 		
PLASTIC	LIMIT	
Wet	Weight	(g)	 Dry	Weight	(g)	 Water	Content	(%)	 Plastic	Limit		 Plasticity	Index	
22.62	 21.5	 30.11	 30.11	 45.36	
Table	E.6:	Atterberg	limits	for	1-1	ALT	sample	3.	
	
Project:	Site	1-1	ALT	Trench	
Sample	No.:	#7	
Sample	Description:	Stiff	blue-gray	clay	from	host	east	of	dike	at	19.4	m	
	 	 	 	 	
LIQUID	LIMIT	
Blow	Count	(N)	 Wet	Weight	(g)	 Dry	Weight	(g)	 Water	Content	(%)	 Liquid	Limit	(%)	
20	 20.15	 18.89	 84.56	
84.23	26	 25.69	 21.65	 84.17	
33	 21.99	 20.6	 81.76	
	 	 	 	 	
PLASTIC	LIMIT	
Wet	Weight	(g)	 Dry	Weight	(g)	 Water	Content	(%)	 Plastic	Limit		 Plasticity	Index	
18.92	 18.35	 31.15	 31.15	 53.09	
Table	E.7:	Atterberg	limits	for	1-1	ALT	sample	7.	
	
	
	
	
	
	
	
	 194	
Site	1-3	ALT	
Project:	 Site	1-3	ALT	Trench	 Date:	 6/13/13	
Operator:	 Lucas	Strom	 Wet	Mass	(g):	 234.5	
Sample	No.:	 #1	 Air	Dry	Mass	(g):	 196	
Soil	Desc.:	 Tan-colored	sand	from	center	of	dike	at	5.2	m	 Container	Mass	(g):	 228	
		 	 	 	 	 	 	 		
Sieve	No.	 Sieve	Opening	(mm)	
Cumulative	mass	
retained	(g)	
Cumulative	
%	retained	
Percent	
Finer	 	 	 		
4	 4.76	 1	 0.51	 99.49	 D10	 0.122	 mm	
10	 2.00	 6	 3.06	 96.94	 D30	 0.182	 mm	
20	 0.84	 14.5	 7.40	 92.60	 D50	 0.243	 mm	
40	 0.42	 34	 17.35	 82.65	 D60	 0.286	 mm	
60	 0.25	 94	 47.96	 52.04	 	 	 		
100	 0.150	 164	 83.67	 16.33	 Cu	 2.35	 		
140	 0.105	 185	 94.39	 5.61	 Cc	 0.96	 		
200	 0.075	 190.5	 97.19	 2.81	 	 	 		
Pan	 0.001	 196	 100.00	 0.00	 		 		 		
Table	E.8:	Sieve	data	for	1-3	ALT	sample	1.	
	
Project:	 Site	1-3	ALT	Trench	 Date:	 6/13/13	
Operator:	 Lucas	Strom	 Wet	Mass	(g):	 210.5	
Sample	No.:	 #2	 Air	Dry	Mass	(g):	 186.5	
Soil	Desc.:	 Blue-gray	silty	clay	east	of	dike	at	4.7	m	 Container	Mass	(g):	 223.5	
		 	 	 	 	 	 	 		
Sieve	No.	 Sieve	Opening	(mm)	
Cumulative	mass	
retained	(g)	
Cumulative	
%	retained	
Percent	
Finer	 	 	 		
4	 4.76	 0.5	 0.27	 99.73	 D10	 0.029	 mm	
10	 2.00	 14.5	 7.77	 92.23	 D30	 0.110	 mm	
20	 0.84	 44.5	 23.86	 76.14	 D50	 0.176	 mm	
40	 0.42	 64	 34.32	 65.68	 D60	 0.260	 mm	
60	 0.25	 75.5	 40.48	 59.52	 	 	 		
100	 0.150	 101.5	 54.42	 45.58	 Cu	 9.09	 		
140	 0.105	 134.5	 72.12	 27.88	 Cc	 1.61	 		
200	 0.075	 162.5	 87.13	 12.87	 	 	 		
Pan	 0.001	 186.5	 100.00	 0.00	 		 		 		
Table	E.9:	Sieve	data	for	1-3	ALT	sample	2.	
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Project:	 Site	1-3	ALT	Trench	 Date:	 5/20/13	
Operator:	 Lucas	Strom	 Wet	Mass	(g):	 128	
Sample	No.:	 #3	 Air	Dry	Mass	(g):	 104	
Soil	Desc.:	 Dark-colored	sand	with	black	charcoal	in	sand	blow	at	10.2m	 Container	Mass	(g):	 176	
		 	 	 	 	 	 	 		
Sieve	No.	 Sieve	Opening	(mm)	
Cumulative	mass	
retained	(g)	
Cumulative	
%	retained	
Percent	
Finer	 	 	 		
4	 4.76	 17	 16.35	 83.65	 D10	 0.266	 mm	
10	 2.00	 34.5	 33.17	 66.83	 D30	 0.517	 mm	
20	 0.84	 56	 53.85	 46.15	 D50	 0.987	 mm	
40	 0.42	 80	 76.92	 23.08	 D60	 1.502	 mm	
60	 0.25	 95.5	 91.83	 8.17	 	 	 		
100	 0.150	 102	 98.08	 1.92	 Cu	 5.64	 		
140	 0.105	 103.5	 99.52	 0.48	 Cc	 0.67	 		
200	 0.075	 103.75	 99.76	 0.24	 	 	 		
Pan	 0.001	 104	 100.00	 0.00	 		 		 		
Table	E.10:	Sieve	data	for	1-3	ALT	sample	3.	
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Project	 Site	1-3	ALT	Trench	
Sample	No.	 #2	
Test	Date	 07/03/13	
Operators	 LS	
Hydrometer	Number	 152H	
Specific	Gravity	of	Solids	 Not	computed	
Dispersing	Agent	 Sodium	Hexametaphosphate,	5g	(40g/L	solution)	
Weight	of	Soil	Sample	 50	gm	
Zero	Correction	 5.5	
Meniscus	Correction	 1	
	 	 	 	 	 	 	 	
Elapsed	
Time,								
t	(min)	
Temp	
(Celsius)	
Actual	
Hydro.	
Rdg.		R_a	
Hyd.	Corr.	For	
Meniscus	
L	from		
Table	1	(cm)	
K	from	
Table	2	 D	(mm)	
C_T	from	
Table	3	
0	 ---	 ---	 ---	 ---	 ---	 ---	 ---	
2	 23.3	 21	 20	 12.9	 0.013122	 0.0346	 0.79	
5	 23.3	 16	 15	 13.7	 0.013122	 0.0217	 0.79	
15	 23.3	 15	 14	 13.8	 0.013122	 0.0126	 0.79	
30	 23.3	 14.5	 13.5	 13.9	 0.013122	 0.0089	 0.79	
60	 22.9	 14	 13	 14.0	 0.013185	 0.0064	 0.67	
250	 22.8	 13	 12	 14.2	 0.013200	 0.0031	 0.64	
480	 22.6	 12.5	 11.5	 14.3	 0.013230	 0.0023	 0.58	
1440	 22.3	 12	 11	 14.3	 0.013275	 0.0013	 0.49	
	 	 	 	 	 	 	 	
a	from				
Table	4	
Corr.	Hydr.	
Rdg.	Rc	
%	Finer	
P	
%	Adjusted	
Finer	P_A	 	 	 	 	
---	 ---	 ---	 ---	 	 	 	 	
1	 16.29	 32.6	 32.6	 	 	 	 	
1	 11.29	 22.6	 22.6	 	 	 	 	
1	 10.29	 20.6	 20.6	 	 	 	 	
1	 9.79	 19.6	 19.6	 	 	 	 	
1	 9.17	 18.3	 18.3	 	 	 	 	
1	 8.14	 16.3	 16.3	 	 	 	 	
1	 7.58	 15.2	 15.2	 	 	 	 	
1	 6.99	 14.0	 14.0	 	 	 	 	
Table	E.11:	Hydrometer	data	for	1-3	ALT	sample	2.	
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Project:	Site	1-3	ALT	Trench	
Sample	No.:	#2	
Sample	Description:	Silty	blue-gray	clay	at	4.7	m	
	 	 	 	 	
LIQUID	LIMIT	
Blow	
Count	(N)	
Wet	
Weight	
(g)	
Dry	
Weight	
(g)	
Water	
Content	
(%)	
Liquid	Limit	(%)	
21	 27.2	 24.68	 42.71	
42.09	24	 27.4	 24.67	 42.19	
28	 28.79	 25.95	 41.76	
	 	 	 	 	
PLASTIC	LIMIT	
Wet	
Weight	
(g)	
Dry	
Weight	
(g)	
Water	
Content	
(%)	
Plastic	
Limit		 Plasticity	Index	
19.78	 18.68	 22.96	 22.96	 19.12	
Table	E.12:	Atterberg	limits	for	1-3	ALT	sample	2.	
	
Site	9-1	Pit	
Project:	 Site	9-1	Pit	 		
Operator:	 Lucas	Strom	 		
Sample	No.:	 #1	 		
Soil	Desc.:	 Tan-colored	sand	from	wall	at	northwest	corner	 		
		 	 	 	 	 	 		
MECHANICAL	SIEVE	(total	mass	=	556.4	g)	 	 		
Sieve	No.	 Sieve	Opening	(mm)	
Empty	wt.	
(g)	
Full	wt.	
(g)	
Mass	retained	
(g)	
Cumulative	mass	
retained	(g)	
Percent	
passing	(%)	
10	 2.00	 636.0	 636.5	 0.5	 0.5	 99.9	
20	 0.850	 409.7	 414.9	 5.2	 5.7	 99.0	
40	 0.425	 395.8	 483.0	 87.2	 92.9	 83.2	
60	 0.250	 511.7	 590.5	 78.8	 171.7	 69.0	
80	 0.180	 343.9	 386.9	 43.0	 214.7	 61.2	
100	 0.150	 423.0	 444.0	 21.0	 235.7	 57.4	
140	 0.106	 310.0	 359.4	 49.4	 285.1	 48.5	
200	 0.075	 340.0	 463.5	 123.5	 408.6	 26.2	
Pan	 0.001	 307.0	 452.2	 145.2	 553.8	 0.0	
Table	E.13:	Sieve	data	for	9-1	Pit	sample	1.	
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Project	 Site	9-1	Pit	 		 		 		 		 		
Operator	 Lucas	Strom	 	 	 	 	 		
Sample	No.	 #2	 	 	 	 	 		
Soil	Desc.	 Tan-colored	sand	from	dike	in	clay	floor	 		 		 		
		 	 	 	 	 	 		
MECHANICAL	SIEVE	(total	mass	=	359.8	g)	 	 		
Sieve	No.	 Sieve	Opening	(mm)	
Empty	wt.	
(g)	
Full	wt.	
(g)	
Mass	retained	
(g)	
Cumulative	mass	
retained	(g)	
Percent	
passing	(%)	
10	 2.00	 636.0	 636.1	 0.1	 0.1	 100.0	
20	 0.850	 409.7	 414.1	 4.4	 4.5	 98.7	
40	 0.425	 395.8	 424.7	 28.9	 33.4	 90.7	
60	 0.250	 511.7	 577.7	 66.0	 99.4	 72.3	
80	 0.180	 343.9	 381.9	 38.0	 137.4	 61.7	
100	 0.150	 423.0	 442.9	 19.9	 157.3	 56.2	
140	 0.106	 310.0	 352.9	 42.9	 200.2	 44.2	
200	 0.075	 340.0	 410.0	 70.0	 270.2	 24.7	
Pan	 <0.075	 307.0	 395.8	 88.8	 359.0	 0.0	
Table	E.14:	Sieve	data	for	9-1	Pit	sample	2.	
	
Project:		Site	9-1	Pit	
Sample:	#1	
	 	
Elapsed	
time											
t	(min)	
Temp	
T	(°C)	
Original	
hydro.	
reading	
Composite	
hydro.	
correction	
Corrected	
reading	R	
(g/l)	
Effective	
depth	L	
(cm)	
K	value	
Particle	
Diameter	
D	(mm)	
Soil	in	
suspension	
P	(%)	
2	 24.0	 30	 3.8	 26.2	 11.98	 0.0130
1	
0.031841	 52.4	
5	 24.0	 26	 3.8	 22.2	 12.66	 0.0130
1	
0.020702	 44.4	
15	 23.8	 23	 3.9	 19.1	 13.18	 0.0130
4	
0.012225	 38.2	
30	 23.8	 22	 3.9	 18.1	 13.29	 0.0130
4	
0.008681	 36.2	
60	 24.0	 20	 3.8	 16.2	 13.66	 0.0130
1	
0.006208	 32.4	
240	 24.0	 18	 3.8	 14.2	 13.96	 0.0130
1	
0.003138	 28.4	
480	 23.8	 17	 3.9	 13.1	 14.18	 0.0130
4	
0.002242	 26.2	
1440	 23.6	 15	 3.9	 11.1	 14.48	 0.0130
7	
0.001311	 22.2	
Table	E.15:	Hydrometer	data	for	9-1	Pit	sample	1.	
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Project:		Site	9-1	Pit	
Sample:	#2	
	
Elapsed	
time										
t	(min)	
Temp	
T	(°C)	
Original	
hydro.	
reading	
Composite	
hydro.	
correction	
Corrected	
reading	R	
(g/l)	
Effective	
depth	L	
(cm)	
K	value	
Particle	
Diameter	
D	(mm)	
Soil	in	
suspension	
P	(%)	
2	 24.2	 42	 3.7	 38.3	 10.04	 0.01298	 0.029082	 76.6	
5	 24.2	 40	 3.7	 36.3	 10.34	 0.01298	 0.018666	 72.6	
15	 24.2	 39	 3.7	 35.3	 10.54	 0.01298	 0.010881	 70.6	
30	 24.0	 37	 3.8	 33.2	 10.86	 0.01301	 0.007828	 66.4	
60	 24.0	 35	 3.8	 31.2	 11.18	 0.01301	 0.005616	 62.4	
240	 24.0	 32	 3.8	 28.2	 11.66	 0.01301	 0.002868	 56.4	
480	 24.0	 30	 3.8	 26.2	 11.98	 0.01301	 0.002055	 52.4	
1440	 23.8	 28	 3.9	 24.1	 12.38	 0.01304	 0.001209	 48.2	
Table	E.16:	Hydrometer	data	for	9-1	Pit	sample	2.	
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APPENDIX	G	
ADDITIONAL	3D	GPR	MODEL	IMAGES	
This	appendix	displays	additional	views	of	the	3D	GPR	model	for	site	1-1	ALT,	illustrating	that	
the	3D	surface	becomes	more	continuous	and	corresponds	more	closely	with	the	strong	
radargram	reflection	farther	south,	as	described	in	the	text.	
	
	
	
Figure	G.1:	Segments	of	the	interpolated	GPR	3D	reflection	compared	to	the	corresponding	
radargrams	for	site	1-1	ALT.	
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Figure	G.1	(cont.)	
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Figure	G.1	(cont.)	
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Figure	G.1	(cont.)	
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APPENDIX	H	
ADDITIONAL	GPR	RADARGRAMS	
This	appendix	displays	the	additional	radargrams	that	are	not	presented	in	the	text.		The	UTM	
easting	coordinates	for	the	radargrams	for	sites	1-3	ALT,	9-1	West	and	9-1	East	are	displayed	
along	the	horizontal	axis.		The	UTM	northing	coordinates	are	displayed	for	the	site	9-1	Pit	
radargrams.			
Site	1-3	ALT	
	
Figure	H.1:	Additional	raw	and	filtered	radargrams	for	site	1-3	ALT.		Radargrams	for	lines	Y4-Y6	
are	presented	in	chapter	5.		
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Figure	H.1	(cont.)	
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Figure	H.1	(cont.)	
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Figure	H.1	(cont.)	
	
	
	
	 209	
	
Figure	H.1	(cont.)	
Site	9-1	West	
	
Figure	H.2:	Additional	raw	and	filtered	radargrams	for	site	9-1	West.		Radargrams	for	lines	Y14-
Y16	are	presented	in	chapter	5.	
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Figure	H.2	(cont.)	
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Figure	H.2	(cont.)	
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Figure	H.2	(cont.)	
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Figure	H.2	(cont.)	
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Figure	H.2	(cont.)	
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Figure	H.2	(cont.)	
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Figure	H.2	(cont.)	
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Figure	H.2	(cont.)	
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Figure	H.2	(cont.)	
Site	9-1	East	
	
Figure	H.3:	Additional	raw	and	filtered	radargrams	for	site	9-1	East.		Radargrams	for	lines	Y14-
Y16	are	presented	in	chapter	5.	
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Figure	H.3	(cont.)	
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Figure	H.3	(cont.)	
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Figure	H.3	(cont.)	
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Figure	H.3	(cont.)	
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Figure	H.3	(cont.)	
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Figure	H.3	(cont.)	
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Figure	H.3	(cont.)	
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Figure	H.3	(cont.)	
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Figure	H.3	(cont.)	
Site	9-1	Pit	
	
Figure	H.4:	Additional	raw	and	filtered	radargrams	for	site	9-1	Pit.		Radargrams	for	lines	Y4-Y6	
are	presented	in	chapter	5.	
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Figure	H.4	(cont.)	
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Figure	H.4	(cont.)	
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Figure	H.4	(cont.)	
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Figure	H.4	(cont.)	
	
	
	
	
	 	
	
	
	 232	
APPENDIX	I	
PANDA	CONE	PENETRATION	TEST	DATA	
	
Site	1-3	ALT	
	
Test	No.	 1	 		 		 Test	No.	 2	 		
Cone	area	 2	cm2	 	 	 Cone	area	 2	cm2	 		
Depth	org	 5	cm	 		 		 Depth	org	 5	cm	 		
	 	 	 	 	 	 	
Range	 qd	 depth	 	 Range	 qd	 depth	
cm	 MPa	 (ft)	 	 cm	 MPa	 (ft)	
7.5	 2.04	 0.246062992	 	 10	 1.49	 0.32808399	
12.5	 3.01	 0.410104987	 	 15	 1.68	 0.492125984	
12.5	 2.81	 0.410104987	 	 20.0	 2.16	 0.656167979	
17.5	 3.18	 0.574146982	 	 25	 2.07	 0.820209974	
22.5	 2.36	 0.738188976	 	 30.0	 2.01	 0.984251969	
27.5	 2.15	 0.902230971	 	 35	 1.71	 1.148293963	
32.5	 2.12	 1.066272966	 	 40.0	 2.06	 1.312335958	
37.5	 1.95	 1.230314961	 	 45	 2.33	 1.476377953	
42.5	 1.88	 1.394356955	 	 50.0	 2.13	 1.640419948	
47.5	 1.44	 1.55839895	 	 55	 2.81	 1.804461942	
52.5	 1.33	 1.722440945	 	 60.0	 2.85	 1.968503937	
57.5	 2.61	 1.88648294	 	 65	 3.04	 2.132545932	
62.5	 2.77	 2.050524934	 	 70.0	 2.99	 2.296587927	
67.5	 4.25	 2.214566929	 	 75	 3.97	 2.460629921	
72.5	 4.73	 2.378608924	 	 80.0	 4.18	 2.624671916	
77.5	 4.94	 2.542650919	 	 85	 3.89	 2.788713911	
82.5	 5.31	 2.706692913	 	 90.0	 3.74	 2.952755906	
87.5	 5.48	 2.870734908	 	 95	 3.82	 3.1167979	
92.5	 5.89	 3.034776903	 	 100.0	 3.93	 3.280839895	
97.5	 4.45	 3.198818898	 	 105	 3.3	 3.44488189	
102.5	 4.67	 3.362860892	 	 110.0	 3.94	 3.608923885	
107.5	 4.63	 3.526902887	 	 115	 3.04	 3.772965879	
112.5	 6.04	 3.690944882	 	 120.0	 3.36	 3.937007874	
117.5	 5.92	 3.854986877	 	 125	 3.79	 4.101049869	
122.5	 6.53	 4.019028871	 	 130.0	 3.93	 4.265091864	
127.5	 7.16	 4.183070866	 	 135	 5.17	 4.429133858	
132.5	 7.36	 4.347112861	 	 140.0	 4.23	 4.593175853	
137.5	 5.4	 4.511154856	 	 145	 4.42	 4.757217848	
142.5	 6.79	 4.67519685	 	 150.0	 5.08	 4.921259843	
147.5	 6.71	 4.839238845	 	 155	 6.5	 5.085301837	
152.5	 8.17	 5.00328084	 	 160.0	 8.39	 5.249343832	
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162.5	 8.58	 5.331364829	 	 170.0	 9.49	 5.577427822	
167.5	 10.47	 5.495406824	 	 175	 11.03	 5.741469816	
172.5	 11.33	 5.659448819	 	 180.0	 8.89	 5.905511811	
180.9	 11.04	 5.93503937	 	 185	 11.6	 6.069553806	
	 	 	 	 190.0	 9.63	 6.233595801	
	 	 	 	 195	 10.53	 6.397637795	
	 	 	 	 200.0	 11.14	 6.56167979	
	 	 	 	 201.7	 6.3	 6.617454068	
	
	
Test	No.	 3	 		 		 Test	No.	 4	 		
Cone	area	 2	cm2	 	 	 Cone	area	 2	cm2	 		
Depth	org	 5	cm	 		 		 Depth	org	 5	cm	 		
	 	 	 	 	 	 	
Range	 qd	 depth	 	 Range	 qd	 depth	
cm	 MPa	 (ft)	 	 cm	 MPa	 (ft)	
7.5	 1	 0.246062992	 	 7.5	 1.53	 0.246062992	
12.5	 2	 0.410104987	 	 12.5	 1.19	 0.410104987	
17.5	 1.68	 0.574146982	 	 17.5	 1.71	 0.574146982	
22.5	 1.96	 0.738188976	 	 22.5	 1.57	 0.738188976	
27.5	 1.96	 0.902230971	 	 27.5	 1.28	 0.902230971	
32.5	 2.68	 1.066272966	 	 32.5	 1.42	 1.066272966	
37.5	 1.93	 1.230314961	 	 37.5	 1.6	 1.230314961	
42.5	 2.15	 1.394356955	 	 42.5	 2.36	 1.394356955	
47.5	 2.05	 1.55839895	 	 47.5	 2.63	 1.55839895	
52.5	 1.72	 1.722440945	 	 52.5	 2.74	 1.722440945	
57.5	 1.83	 1.88648294	 	 57.5	 3.19	 1.88648294	
62.5	 1.94	 2.050524934	 	 62.5	 4.6	 2.050524934	
67.5	 2.87	 2.214566929	 	 67.5	 5.22	 2.214566929	
72.5	 2.95	 2.378608924	 	 72.5	 5.47	 2.378608924	
77.5	 3.26	 2.542650919	 	 77.5	 4.31	 2.542650919	
82.5	 4.08	 2.706692913	 	 82.5	 4.24	 2.706692913	
87.5	 4.73	 2.870734908	 	 87.5	 4.91	 2.870734908	
92.5	 4.68	 3.034776903	 	 92.5	 3.9	 3.034776903	
97.5	 4.99	 3.198818898	 	 97.5	 3.72	 3.198818898	
102.5	 3.69	 3.362860892	 	 102.5	 3.55	 3.362860892	
107.5	 3.78	 3.526902887	 	 107.5	 4.06	 3.526902887	
112.5	 3.45	 3.690944882	 	 112.5	 3.7	 3.690944882	
117.5	 3.62	 3.854986877	 	 117.5	 5.87	 3.854986877	
122.5	 5	 4.019028871	 	 122.5	 6.88	 4.019028871	
127.5	 5.78	 4.183070866	 	 127.5	 7.41	 4.183070866	
132.5	 7.09	 4.347112861	 	 132.5	 8.57	 4.347112861	
137.5	 7.54	 4.511154856	 	 	 	 	
142.5	 7.99	 4.67519685	 	 	 	 	
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147.5	 8.88	 4.839238845	 	 	 	 	
152.5	 6.45	 5.00328084	 	 	 	 	
157.5	 7.55	 5.167322835	 	 	 	 	
162.5	 7.52	 5.331364829	 	 	 	 	
167.5	 8.41	 5.495406824	 	 	 	 	
172.5	 9.59	 5.659448819	 	 	 	 	
177.5	 9.47	 5.823490814	 	 	 	 	
182.5	 11.1	 5.987532808	 	 	 	 	
187.5	 9.75	 6.151574803	 	 	 	 	
192.5	 11.21	 6.315616798	 	 	 	 	
197.5	 9.43	 6.479658793	 	 	 	 	
200.4	 2.26	 6.57480315	 	 	 	 	
	
Test	No.	 5	 		 		 Test	No.	 6	 		
Cone	area	 2	cm2	 	 	 Cone	area	 2	cm2	 		
Depth	org	 10	cm	 		 		 Depth	org	 8	cm	 		
	 	 	 	 	 	 	
Range	 qd	 depth	 	 Range	 qd	 depth	
cm	 MPa	 (ft)	 	 cm	 MPa	 (ft)	
12.5	 2	 0.410104987	 	 10.5	 1.76	 0.344488189	
17.5	 2.57	 0.574146982	 	 15.5	 2.32	 0.508530184	
22.5	 1.63	 0.738188976	 	 20.5	 1.96	 0.672572178	
27.5	 1.34	 0.902230971	 	 25.5	 1.35	 0.836614173	
32.5	 1.1	 1.066272966	 	 30.5	 1.48	 1.000656168	
37.5	 15.28	 1.230314961	 	 35.5	 1.36	 1.164698163	
42.5	 1.21	 1.394356955	 	 40.5	 2.24	 1.328740157	
47.5	 0.87	 1.55839895	 	 45.5	 2.11	 1.492782152	
52.5	 1.85	 1.722440945	 	 50.5	 2	 1.656824147	
57.5	 2.03	 1.88648294	 	 55.5	 2.25	 1.820866142	
62.5	 2	 2.050524934	 	 60.5	 2.35	 1.984908136	
67.5	 1.97	 2.214566929	 	 65.5	 3.89	 2.148950131	
72.5	 2.62	 2.378608924	 	 70.5	 4.1	 2.312992126	
77.5	 2.52	 2.542650919	 	 75.5	 5.21	 2.477034121	
82.5	 2.56	 2.706692913	 	 80.5	 5.25	 2.641076115	
87.5	 2.48	 2.870734908	 	 85.5	 5.41	 2.80511811	
92.5	 2.79	 3.034776903	 	 90.5	 4.26	 2.969160105	
97.5	 3.13	 3.198818898	 	 95.5	 4.16	 3.1332021	
102.5	 2.63	 3.362860892	 	 100.5	 5.27	 3.297244094	
107.5	 2.99	 3.526902887	 	 105.5	 6.04	 3.461286089	
112.5	 3.01	 3.690944882	 	 110.5	 6.78	 3.625328084	
117.5	 3.19	 3.854986877	 	 115.5	 8.2	 3.789370079	
122.5	 3.22	 4.019028871	 	 120.5	 9.25	 3.953412073	
127.5	 2.72	 4.183070866	 	 125.5	 10.28	 4.117454068	
132.5	 2.92	 4.347112861	 	 130.5	 10.56	 4.281496063	
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137.5	 3.75	 4.511154856	 	 135.5	 10.13	 4.445538058	
142.5	 3.83	 4.67519685	 	 139	 11.14	 4.560367454	
147.5	 4.24	 4.839238845	 	 	 	 	
152.5	 4.99	 5.00328084	 	 	 	 	
157.5	 4.45	 5.167322835	 	 	 	 	
162.5	 4.91	 5.331364829	 	 	 	 	
167.5	 6.2	 5.495406824	 	 	 	 	
172.5	 6.33	 5.659448819	 	 	 	 	
177.5	 7.34	 5.823490814	 	 	 	 	
182.5	 8.51	 5.987532808	 	 	 	 	
187.5	 9.5	 6.151574803	 	 	 	 	
192.5	 9.45	 6.315616798	 	 	 	 	
197.5	 10.46	 6.479658793	 	 	 	 	
202.5	 11.25	 6.643700787	 	 	 	 	
204.5	 11.45	 6.709317585	 	 	 	 	
	
	
Site	9-1	West	
	
Test	No.	 1	 	 	 Test	No.	 2	
Cone	area	 2	cm2	 	 	 Cone	area	 2	cm2	
Depth	org	 2.5	cm	 	 	 Depth	org	 2.5	cm	
	 	 	 	 	 	 	
Range	 qd	 depth	 	 Range	 qd	 depth	
cm	 MPa	 (ft)	 	 cm	 MPa	 (ft)	
5	 0.24	 0.164041995	 	 5	 0.64	 0.164041995	
10	 0.56	 0.32808399	 	 10	 0.71	 0.32808399	
15	 1.17	 0.492125984	 	 15	 1.73	 0.492125984	
20	 1.15	 0.656167979	 	 20	 2.35	 0.656167979	
25	 1.29	 0.820209974	 	 25	 2.08	 0.820209974	
30	 1.42	 0.984251969	 	 30	 2.14	 0.984251969	
35	 1.02	 1.148293963	 	 35	 3.96	 1.148293963	
40	 0.47	 1.312335958	 	 40	 3.49	 1.312335958	
45	 0.33	 1.476377953	 	 45	 2.88	 1.476377953	
50	 0.75	 1.640419948	 	 50	 1.36	 1.640419948	
55	 0.67	 1.804461942	 	 55	 1.54	 1.804461942	
60	 0.9	 1.968503937	 	 60	 0.98	 1.968503937	
65	 1.31	 2.132545932	 	 65	 1.62	 2.132545932	
70	 1.82	 2.296587927	 	 70	 1.41	 2.296587927	
75	 2.38	 2.460629921	 	 75	 1.55	 2.460629921	
80	 3.17	 2.624671916	 	 80	 1.77	 2.624671916	
85	 4.17	 2.788713911	 	 85	 2.14	 2.788713911	
90	 5.23	 2.952755906	 	 90	 2.38	 2.952755906	
95	 4.05	 3.1167979	 	 95	 1.95	 3.1167979	
100	 2.87	 3.280839895	 	 100	 2.42	 3.280839895	
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105	 5.06	 3.44488189	 	 105	 3.35	 3.44488189	
110	 5.14	 3.608923885	 	 110	 3.18	 3.608923885	
115	 7.69	 3.772965879	 	 115	 3.42	 3.772965879	
120	 8.23	 3.937007874	 	 120	 3.28	 3.937007874	
125	 8.69	 4.101049869	 	 125	 3.78	 4.101049869	
130	 7.71	 4.265091864	 	 130	 4.51	 4.265091864	
135	 7.56	 4.429133858	 	 135	 4.74	 4.429133858	
140	 6.56	 4.593175853	 	 140	 5.45	 4.593175853	
145	 5.7	 4.757217848	 	 145	 3.37	 4.757217848	
150	 4.9	 4.921259843	 	 150	 3.5	 4.921259843	
155	 5.25	 5.085301837	 	 155	 3.47	 5.085301837	
160	 5.39	 5.249343832	 	 160	 3.4	 5.249343832	
165	 5.64	 5.413385827	 	 165	 3.88	 5.413385827	
170	 6.47	 5.577427822	 	 170	 5.11	 5.577427822	
175	 6.91	 5.741469816	 	 175	 4.89	 5.741469816	
180	 6.75	 5.905511811	 	 180	 4.06	 5.905511811	
185	 6.72	 6.069553806	 	 185	 4.59	 6.069553806	
190	 6.87	 6.233595801	 	 190	 4.82	 6.233595801	
195	 6.23	 6.397637795	 	 195	 5.24	 6.397637795	
200	 6.03	 6.56167979	 	 200	 3.86	 6.56167979	
205	 5.41	 6.725721785	 	 205	 3.36	 6.725721785	
210	 6.26	 6.88976378	 	 210	 4.77	 6.88976378	
215	 6.12	 7.053805774	 	 215	 4.92	 7.053805774	
220	 5.89	 7.217847769	 	 220	 4.33	 7.217847769	
225	 5.95	 7.381889764	 	 225	 4.15	 7.381889764	
230	 5.15	 7.545931759	 	 230	 4.64	 7.545931759	
235	 4.75	 7.709973753	 	 235	 4.73	 7.709973753	
240	 4.34	 7.874015748	 	 240	 3.65	 7.874015748	
245	 3.6	 8.038057743	 	 245	 4.34	 8.038057743	
250	 4.26	 8.202099738	 	 250	 4.68	 8.202099738	
255	 3.83	 8.366141732	 	 255	 3.66	 8.366141732	
260	 5.72	 8.530183727	 	 260	 4.94	 8.530183727	
265	 6.7	 8.694225722	 	 265	 4.95	 8.694225722	
270	 7.04	 8.858267717	 	 270	 4.38	 8.858267717	
275	 7.65	 9.022309711	 	 275	 3.72	 9.022309711	
280	 6.79	 9.186351706	 	 280	 4.48	 9.186351706	
285	 6.07	 9.350393701	 	 285	 4.69	 9.350393701	
290	 7.12	 9.514435696	 	 290	 4.35	 9.514435696	
295	 5.05	 9.67847769	 	 295	 3.48	 9.67847769	
300	 5.76	 9.842519685	 	 300	 3.05	 9.842519685	
305	 5.07	 10.00656168	 	 305	 3.52	 10.00656168	
310	 5.66	 10.17060367	 	 310	 5.22	 10.17060367	
315	 5.75	 10.33464567	 	 315	 6.67	 10.33464567	
320	 7.08	 10.49868766	 	 320	 6.74	 10.49868766	
325	 7.18	 10.66272966	 	 325	 5.32	 10.66272966	
	
	
	 237	
330	 4.26	 10.82677165	 	 330	 4.11	 10.82677165	
335	 5.94	 10.99081365	 	 335	 3.8	 10.99081365	
340	 4.93	 11.15485564	 	 340	 3.86	 11.15485564	
345	 7.54	 11.31889764	 	 345	 3.36	 11.31889764	
350	 7.22	 11.48293963	 	 350	 2.53	 11.48293963	
355	 8.12	 11.64698163	 	 355	 2.63	 11.64698163	
360	 7.31	 11.81102362	 	 360	 3.36	 11.81102362	
365	 8.05	 11.97506562	 	 365	 3.2	 11.97506562	
370	 8.1	 12.13910761	 	 370	 4.97	 12.13910761	
375	 6.78	 12.30314961	 	 375	 4.94	 12.30314961	
380	 7.21	 12.4671916	 	 380	 5.13	 12.4671916	
385	 7.25	 12.6312336	 	 385	 4.28	 12.6312336	
390	 5.6	 12.79527559	 	 390	 4.75	 12.79527559	
395	 6.04	 12.95931759	 	 395	 4.31	 12.95931759	
398.6	 5.67	 13.07742782	 	 400	 3.31	 13.12335958	
	 	 	 	 405	 4.18	 13.28740157	
	 	 	 	 410	 4.71	 13.45144357	
	 	 	 	 415	 4.71	 13.61548556	
	 	 	 	 420	 5.16	 13.77952756	
	 	 	 	 425	 7.28	 13.94356955	
	 	 	 	 430	 8.12	 14.10761155	
	 	 	 	 435	 8.5	 14.27165354	
	 	 	 	 437.8	 10.2	 14.36351706	
	
	
	
Test	No.	 3	 	 	 Test	No.	 4	 	
Cone	area	 2	cm2	 	 	 Cone	area	 2	cm2	 	
Depth	org	 2.5	cm	 	 	 Depth	org	 2.5	cm	 	
	 	 	 	 	 	 	
Range	 qd	 depth	 	 Range	 qd	 depth	
cm	 MPa	 (ft)	 	 cm	 MPa	 (ft)	
5	 0.33	 0.164041995	 	 5	 0.75	 0.164041995	
10	 1.34	 0.32808399	 	 10	 1.48	 0.32808399	
15	 3.23	 0.492125984	 	 15	 2.34	 0.492125984	
20	 3.01	 0.656167979	 	 20	 1.67	 0.656167979	
25	 5.39	 0.820209974	 	 25	 1.96	 0.820209974	
30	 5.09	 0.984251969	 	 30	 2.27	 0.984251969	
35	 4.36	 1.148293963	 	 35	 2.24	 1.148293963	
40	 1.9	 1.312335958	 	 40	 2.37	 1.312335958	
45	 2.01	 1.476377953	 	 45	 2.61	 1.476377953	
50	 0.79	 1.640419948	 	 50	 3	 1.640419948	
55	 0.86	 1.804461942	 	 55	 3.16	 1.804461942	
60	 1.34	 1.968503937	 	 60	 3.39	 1.968503937	
65	 3.59	 2.132545932	 	 65	 2.96	 2.132545932	
	
	
	 238	
70	 3.54	 2.296587927	 	 70	 3.61	 2.296587927	
75	 3.76	 2.460629921	 	 75	 4.68	 2.460629921	
80	 3.77	 2.624671916	 	 80	 5.27	 2.624671916	
85	 5.06	 2.788713911	 	 85	 6.25	 2.788713911	
90	 5.39	 2.952755906	 	 90	 6.35	 2.952755906	
95	 5.25	 3.1167979	 	 95	 5.43	 3.1167979	
100	 4.97	 3.280839895	 	 100	 4.62	 3.280839895	
105	 5.05	 3.44488189	 	 105	 4.33	 3.44488189	
110	 4.89	 3.608923885	 	 110	 4.48	 3.608923885	
115	 6.96	 3.772965879	 	 115	 4.02	 3.772965879	
120	 6.5	 3.937007874	 	 120	 3.49	 3.937007874	
125	 5.57	 4.101049869	 	 125	 4.2	 4.101049869	
130	 5.08	 4.265091864	 	 130	 4.54	 4.265091864	
135	 5.72	 4.429133858	 	 135	 5.93	 4.429133858	
140	 4.36	 4.593175853	 	 140	 7.14	 4.593175853	
145	 4.57	 4.757217848	 	 145	 6.28	 4.757217848	
150	 4.64	 4.921259843	 	 150	 5.49	 4.921259843	
155	 4	 5.085301837	 	 155	 5.55	 5.085301837	
160	 3.87	 5.249343832	 	 160	 5.08	 5.249343832	
165	 4.11	 5.413385827	 	 165	 4.17	 5.413385827	
170	 5.23	 5.577427822	 	 170	 5.6	 5.577427822	
175	 5.42	 5.741469816	 	 175	 5.04	 5.741469816	
180	 5.58	 5.905511811	 	 180	 5.04	 5.905511811	
185	 5.91	 6.069553806	 	 185	 4.28	 6.069553806	
190	 5.11	 6.233595801	 	 190	 3.84	 6.233595801	
195	 4.67	 6.397637795	 	 195	 4.21	 6.397637795	
200	 5.21	 6.56167979	 	 200	 4.3	 6.56167979	
205	 5.13	 6.725721785	 	 205	 4.13	 6.725721785	
210	 5.94	 6.88976378	 	 210	 4.28	 6.88976378	
215	 4.96	 7.053805774	 	 215	 2.8	 7.053805774	
220	 5.25	 7.217847769	 	 220	 3.65	 7.217847769	
225	 5.06	 7.381889764	 	 225	 3.99	 7.381889764	
230	 3.98	 7.545931759	 	 230	 4.65	 7.545931759	
235	 4.35	 7.709973753	 	 235	 3.96	 7.709973753	
240	 4.63	 7.874015748	 	 240	 3.73	 7.874015748	
245	 2.99	 8.038057743	 	 245	 4.35	 8.038057743	
250	 3.43	 8.202099738	 	 250	 3.65	 8.202099738	
255	 4.88	 8.366141732	 	 255	 2.94	 8.366141732	
260	 5.24	 8.530183727	 	 260	 2.56	 8.530183727	
265	 5.27	 8.694225722	 	 265	 2.88	 8.694225722	
270	 4.33	 8.858267717	 	 270	 2.85	 8.858267717	
275	 3.99	 9.022309711	 	 275	 2.55	 9.022309711	
280	 5.16	 9.186351706	 	 280	 5.03	 9.186351706	
285	 4.69	 9.350393701	 	 285	 4.07	 9.350393701	
290	 5.05	 9.514435696	 	 290	 3.94	 9.514435696	
	
	
	 239	
295	 5.04	 9.67847769	 	 295	 2.6	 9.67847769	
300	 4.89	 9.842519685	 	 300	 1.85	 9.842519685	
305	 6.8	 10.00656168	 	 305	 2.58	 10.00656168	
310	 6.07	 10.17060367	 	 310	 3.3	 10.17060367	
315	 4.57	 10.33464567	 	 315	 3.06	 10.33464567	
320	 4.45	 10.49868766	 	 320	 2.39	 10.49868766	
325	 5.01	 10.66272966	 	 325	 2.78	 10.66272966	
330	 5.16	 10.82677165	 	 330	 3.87	 10.82677165	
335	 4.14	 10.99081365	 	 335	 3.53	 10.99081365	
340	 5.22	 11.15485564	 	 340	 4.34	 11.15485564	
345	 5.58	 11.31889764	 	 345	 3.85	 11.31889764	
350	 2.45	 11.48293963	 	 350	 3.04	 11.48293963	
355	 1.88	 11.64698163	 	 355	 1.49	 11.64698163	
360	 3.84	 11.81102362	 	 360	 1.18	 11.81102362	
365	 3.01	 11.97506562	 	 365	 2.03	 11.97506562	
370	 3.32	 12.13910761	 	 370	 1.99	 12.13910761	
375	 4.06	 12.30314961	 	 375	 2.48	 12.30314961	
380	 3.97	 12.4671916	 	 380	 1.57	 12.4671916	
385	 5.06	 12.6312336	 	 385	 3.9	 12.6312336	
390	 3.84	 12.79527559	 	 390	 3.45	 12.79527559	
395	 3.04	 12.95931759	 	 393.6	 2.85	 12.91338583	
399.2	 3.44	 13.09711286	 	 	 	 	
	
	
Test	No.	 5	 		 		 Test	No.	 6	 		 		
Cone	area	 2	cm2	 	 	 Cone	area	 2	cm2	 	 	
Depth	org	 2.5	cm	 		 		 Depth	org	 2.5	cm	 		 		
	 	 	 	 	 	 	 	
Range	 qd	 depth	 	 Range	 qd	 	 	
cm	 MPa	 (ft)	 	 cm	 MPa	 (ft)	 	
5	 1.57	 0.164041995	 	 5	 0.25	 0.164041995	 	
10	 2.69	 0.32808399	 	 10	 1.13	 0.32808399	 	
15	 3.43	 0.492125984	 	 15	 1.74	 0.492125984	 	
20	 3.27	 0.656167979	 	 20	 2.15	 0.656167979	 	
25	 2.06	 0.820209974	 	 25	 1.89	 0.820209974	 	
30	 1.24	 0.984251969	 	 30	 1.72	 0.984251969	 	
35	 1.56	 1.148293963	 	 35	 1.07	 1.148293963	 	
40	 2.32	 1.312335958	 	 40	 1.26	 1.312335958	 	
45	 2.84	 1.476377953	 	 45	 1.91	 1.476377953	 	
50	 2.6	 1.640419948	 	 50	 1.61	 1.640419948	 	
55	 1.63	 1.804461942	 	 55	 2	 1.804461942	 	
60	 1.34	 1.968503937	 	 60	 2.25	 1.968503937	 	
65	 1.4	 2.132545932	 	 65	 2.89	 2.132545932	 	
70	 1.62	 2.296587927	 	 70	 2.91	 2.296587927	 	
75	 1.94	 2.460629921	 	 75	 3.77	 2.460629921	 	
	
	
	 240	
80	 1.47	 2.624671916	 	 80	 2.43	 2.624671916	 	
85	 1.31	 2.788713911	 	 85	 2.76	 2.788713911	 	
90	 1.23	 2.952755906	 	 90	 3.6	 2.952755906	 	
95	 2.29	 3.1167979	 	 95	 3.14	 3.1167979	 	
100	 2.99	 3.280839895	 	 100	 3.82	 3.280839895	 	
105	 2.38	 3.44488189	 	 105	 3.44	 3.44488189	 	
110	 1.7	 3.608923885	 	 110	 3.55	 3.608923885	 	
115	 1.24	 3.772965879	 	 115	 3.92	 3.772965879	 	
120	 2.05	 3.937007874	 	 120	 3.84	 3.937007874	 	
125	 2.08	 4.101049869	 	 125	 3.34	 4.101049869	 	
130	 1.98	 4.265091864	 	 130	 3.18	 4.265091864	 	
135	 2.07	 4.429133858	 	 135	 3.02	 4.429133858	 	
140	 1.8	 4.593175853	 	 140	 3.55	 4.593175853	 	
145	 1.88	 4.757217848	 	 145	 3.89	 4.757217848	 	
150	 2.7	 4.921259843	 	 150	 3.68	 4.921259843	 	
155	 2.86	 5.085301837	 	 155	 4.35	 5.085301837	 	
160	 3.39	 5.249343832	 	 160	 5.57	 5.249343832	 	
165	 3.38	 5.413385827	 	 165	 5.81	 5.413385827	 	
170	 3.26	 5.577427822	 	 170	 6.52	 5.577427822	 	
175	 4.01	 5.741469816	 	 175	 6.64	 5.741469816	 	
180	 3.51	 5.905511811	 	 180	 7.53	 5.905511811	 	
185	 4.19	 6.069553806	 	 185	 7.07	 6.069553806	 	
190	 5.03	 6.233595801	 	 190	 7.05	 6.233595801	 	
195	 5.44	 6.397637795	 	 195	 7.18	 6.397637795	 	
200	 4.96	 6.56167979	 	 200	 10.49	 6.56167979	 	
205	 5.09	 6.725721785	 	 205	 7.04	 6.725721785	 	
210	 6.76	 6.88976378	 	 210	 7.46	 6.88976378	 	
215	 6.6	 7.053805774	 	 215	 7.21	 7.053805774	 	
220	 5.69	 7.217847769	 	 220	 7.07	 7.217847769	 	
225	 6	 7.381889764	 	 225	 3.77	 7.381889764	 	
230	 5.48	 7.545931759	 	 230	 6.78	 7.545931759	 	
235	 4.36	 7.709973753	 	 235	 8.82	 7.709973753	 	
240	 6.04	 7.874015748	 	 240	 10.35	 7.874015748	 	
245	 7.38	 8.038057743	 	 245	 10.28	 8.038057743	 	
250	 4.43	 8.202099738	 	 	 	 	 	
255	 4.16	 8.366141732	 	 	 	 	 	
260	 4.51	 8.530183727	 	 	 	 	 	
265	 5.1	 8.694225722	 	 	 	 	 	
270	 4.18	 8.858267717	 	 	 	 	 	
275	 4.15	 9.022309711	 	 	 	 	 	
280	 3.86	 9.186351706	 	 	 	 	 	
285	 5.12	 9.350393701	 	 	 	 	 	
290	 4.49	 9.514435696	 	 	 	 	 	
295	 4.41	 9.67847769	 	 	 	 	 	
300	 3.64	 9.842519685	 	 	 	 	 	
	
	
	 241	
305	 5.11	 10.00656168	 	 	 	 	 	
310	 4.02	 10.17060367	 	 	 	 	 	
315	 4.97	 10.33464567	 	 	 	 	 	
320	 5.17	 10.49868766	 	 	 	 	 	
325	 5.08	 10.66272966	 	 	 	 	 	
330	 5.96	 10.82677165	 	 	 	 	 	
335	 5.51	 10.99081365	 	 	 	 	 	
340	 5.46	 11.15485564	 	 	 	 	 	
345	 5.18	 11.31889764	 	 	 	 	 	
350	 1.48	 11.48293963	 	 	 	 	 	
355	 3.26	 11.64698163	 	 	 	 	 	
360	 3.82	 11.81102362	 	 	 	 	 	
365	 5.11	 11.97506562	 	 	 	 	 	
370	 6.55	 12.13910761	 	 	 	 	 	
375	 7.89	 12.30314961	 	 	 	 	 	
377	 10.24	 12.3687664	 	 	 	 	 	
	
	
Test	No.	 7	 		
Cone	area	 2	cm2	 		
Depth	org	 2.5	cm	 		
	 	 	
Range	 qd	 depth	
cm	 MPa	 (ft)	
5	 0.567	 0.164041995	
10	 0.34	 0.32808399	
15	 0.61	 0.492125984	
20	 1.4	 0.656167979	
25	 1.89	 0.820209974	
30	 1.38	 0.984251969	
35	 1.42	 1.148293963	
40	 1.16	 1.312335958	
45	 1.5	 1.476377953	
50	 1.53	 1.640419948	
55	 2.55	 1.804461942	
60	 3.19	 1.968503937	
65	 2.94	 2.132545932	
70	 3.25	 2.296587927	
75	 4	 2.460629921	
80	 4.06	 2.624671916	
85	 3.81	 2.788713911	
90	 3.88	 2.952755906	
95	 4.29	 3.1167979	
100	 3.93	 3.280839895	
105	 3.03	 3.44488189	
	
	
	 242	
110	 3.86	 3.608923885	
115	 4.34	 3.772965879	
120	 6.29	 3.937007874	
125	 5.89	 4.101049869	
130	 3.77	 4.265091864	
135	 3.27	 4.429133858	
140	 3.55	 4.593175853	
145	 3.61	 4.757217848	
150	 4.23	 4.921259843	
155	 4.32	 5.085301837	
160	 4.54	 5.249343832	
165	 4.19	 5.413385827	
170	 4.31	 5.577427822	
175	 5.04	 5.741469816	
180	 3.36	 5.905511811	
185	 2.86	 6.069553806	
190	 1.72	 6.233595801	
195	 1.5	 6.397637795	
200	 1.86	 6.56167979	
205	 1.18	 6.725721785	
210	 2.3	 6.88976378	
215	 3.28	 7.053805774	
220	 3.05	 7.217847769	
225	 4.49	 7.381889764	
230	 5.38	 7.545931759	
235	 4.2	 7.709973753	
240	 3.92	 7.874015748	
245	 2.74	 8.038057743	
250	 3.35	 8.202099738	
255	 4.18	 8.366141732	
260	 3.13	 8.530183727	
265	 5.36	 8.694225722	
270	 4.95	 8.858267717	
275	 3.68	 9.022309711	
280	 3.59	 9.186351706	
285	 3.23	 9.350393701	
290	 3.76	 9.514435696	
295	 3.14	 9.67847769	
300	 2.59	 9.842519685	
305	 3.36	 10.00656168	
310	 4.69	 10.17060367	
315	 5.35	 10.33464567	
320	 5.75	 10.49868766	
325	 3.71	 10.66272966	
330	 1.66	 10.82677165	
335	 3.52	 10.99081365	
	
	
	 243	
340	 3.06	 11.15485564	
345	 3.25	 11.31889764	
350	 3.28	 11.48293963	
355	 3.58	 11.64698163	
360	 3.66	 11.81102362	
365	 6.28	 11.97506562	
370	 6.5	 12.13910761	
375	 4.62	 12.30314961	
380	 3.92	 12.4671916	
385	 4.53	 12.6312336	
390	 4.04	 12.79527559	
395	 4.32	 12.95931759	
	
	
Site	9-1	East	
Test	No.	 8	 		 		 Test	No.	 9	 		
Cone	area	 2	cm2	 	 	 Cone	area	 2	cm2	 		
Depth	org	 2.5	cm	 		 		 Depth	org	 2.5	cm	 		
	 	 	 	 	 	 	
Range	 qd	 depth	 	 Range	 qd	 depth	
cm	 MPa	 (ft)	 	 cm	 MPa	 (ft)	
5	 0.21	 0.164041995	 	 5	 0.35	 0.164041995	
10	 0.49	 0.32808399	 	 10	 0.76	 0.32808399	
15	 0.82	 0.492125984	 	 15	 1.85	 0.492125984	
20	 0.9	 0.656167979	 	 20	 1.23	 0.656167979	
25	 1.64	 0.820209974	 	 25	 0.76	 0.820209974	
30	 2.7	 0.984251969	 	 30	 0.9	 0.984251969	
35	 3.43	 1.148293963	 	 35	 1.55	 1.148293963	
40	 4.12	 1.312335958	 	 40	 2.13	 1.312335958	
45	 4.18	 1.476377953	 	 45	 2.56	 1.476377953	
50	 3.33	 1.640419948	 	 50	 2.93	 1.640419948	
55	 3.76	 1.804461942	 	 55	 2.98	 1.804461942	
60	 3.7	 1.968503937	 	 60	 3.18	 1.968503937	
65	 3.44	 2.132545932	 	 65	 3.14	 2.132545932	
70	 2.75	 2.296587927	 	 70	 3.94	 2.296587927	
75	 2.29	 2.460629921	 	 75	 4.24	 2.460629921	
80	 2.59	 2.624671916	 	 80	 4.55	 2.624671916	
85	 2.56	 2.788713911	 	 85	 3.79	 2.788713911	
90	 2.31	 2.952755906	 	 90	 5.01	 2.952755906	
95	 1.79	 3.1167979	 	 95	 5.02	 3.1167979	
100	 1.82	 3.280839895	 	 100	 4.53	 3.280839895	
105	 1.26	 3.44488189	 	 105	 3.65	 3.44488189	
110	 1.15	 3.608923885	 	 110	 4.05	 3.608923885	
115	 1.53	 3.772965879	 	 115	 4.48	 3.772965879	
120	 2.36	 3.937007874	 	 120	 3.63	 3.937007874	
	
	
	 244	
125	 3.29	 4.101049869	 	 125	 3.9	 4.101049869	
130	 2.81	 4.265091864	 	 130	 4.39	 4.265091864	
135	 4.29	 4.429133858	 	 135	 4.02	 4.429133858	
140	 5.03	 4.593175853	 	 140	 2.8	 4.593175853	
145	 5.51	 4.757217848	 	 145	 2.91	 4.757217848	
150	 4.69	 4.921259843	 	 150	 3.14	 4.921259843	
155	 5.22	 5.085301837	 	 155	 3.13	 5.085301837	
160	 6	 5.249343832	 	 160	 3.08	 5.249343832	
165	 5.73	 5.413385827	 	 165	 2.98	 5.413385827	
170	 5.67	 5.577427822	 	 170	 3.64	 5.577427822	
175	 5.65	 5.741469816	 	 175	 4.03	 5.741469816	
180	 4.23	 5.905511811	 	 180	 4.52	 5.905511811	
185	 5.33	 6.069553806	 	 185	 4.44	 6.069553806	
190	 6.15	 6.233595801	 	 190	 4.38	 6.233595801	
195	 7.21	 6.397637795	 	 195	 4.84	 6.397637795	
200	 6.39	 6.56167979	 	 200	 4.09	 6.56167979	
205	 4.34	 6.725721785	 	 205	 2.47	 6.725721785	
210	 3.93	 6.88976378	 	 210	 2.92	 6.88976378	
215	 5.05	 7.053805774	 	 215	 2.69	 7.053805774	
220	 4.51	 7.217847769	 	 220	 2.61	 7.217847769	
225	 4.67	 7.381889764	 	 225	 2.44	 7.381889764	
230	 4.28	 7.545931759	 	 230	 2.85	 7.545931759	
235	 5.7	 7.709973753	 	 235	 3.36	 7.709973753	
240	 6.81	 7.874015748	 	 240	 4.54	 7.874015748	
245	 7.3	 8.038057743	 	 245	 5.21	 8.038057743	
250	 6.54	 8.202099738	 	 250	 3.9	 8.202099738	
255	 4.88	 8.366141732	 	 255	 3.06	 8.366141732	
260	 5.82	 8.530183727	 	 260	 2.47	 8.530183727	
265	 4.79	 8.694225722	 	 265	 2.03	 8.694225722	
270	 4.53	 8.858267717	 	 270	 1.93	 8.858267717	
275	 5.22	 9.022309711	 	 275	 1.78	 9.022309711	
280	 5.58	 9.186351706	 	 280	 1.88	 9.186351706	
285	 5.97	 9.350393701	 	 285	 1.49	 9.350393701	
290	 6.66	 9.514435696	 	 290	 1.76	 9.514435696	
295	 6.84	 9.67847769	 	 295	 2.49	 9.67847769	
297.4	 24.47	 9.757217848	 	 300	 3.16	 9.842519685	
	 	 	 	 305	 2.44	 10.00656168	
	 	 	 	 310	 2.64	 10.17060367	
	 	 	 	 315	 2.95	 10.33464567	
	 	 	 	 320	 3.13	 10.49868766	
	 	 	 	 325	 2.52	 10.66272966	
	 	 	 	 330	 3.25	 10.82677165	
	 	 	 	 335	 3.68	 10.99081365	
	 	 	 	 340	 3.54	 11.15485564	
	 	 	 	 345	 5.72	 11.31889764	
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	 	 	 	 350	 3.68	 11.48293963	
	 	 	 	 355	 2.41	 11.64698163	
	 	 	 	 360	 1.81	 11.81102362	
	 	 	 	 365	 1.31	 11.97506562	
	 	 	 	 370	 0.97	 12.13910761	
	 	 	 	 375	 2.07	 12.30314961	
	 	 	 	 380	 1.35	 12.4671916	
	 	 	 	 385	 1.69	 12.6312336	
	 	 	 	 390	 2.01	 12.79527559	
	 	 	 	 395	 2.85	 12.95931759	
	 	 	 	 400	 2.08	 13.12335958	
	 	 	 	 405	 1.7	 13.28740157	
	 	 	 	 410	 1.93	 13.45144357	
	 	 	 	 415	 1.99	 13.61548556	
	 	 	 	 420	 2.38	 13.77952756	
	 	 	 	 425	 1.63	 13.94356955	
	 	 	 	 426.9	 2.57	 14.00590551	
	
	
Test	No.	 10	 		 		 Test	No.	 11	 		
Cone	area	 2	cm2	 	 	 Cone	area	 2	cm2	 		
Depth	org	 2.5	cm	 		 		 Depth	org	 2.5	cm	 		
	 	 	 	 	 	 	
Range	 qd	 depth	 	 Range	 qd	 depth	
cm	 MPa	 (ft)	 	 cm	 MPa	 (ft)	
5	 0.42	 0.164041995	 	 5	 0.59	 0.164041995	
10	 0.82	 0.32808399	 	 10	 1.9	 0.32808399	
15	 1.17	 0.492125984	 	 15	 2.73	 0.492125984	
20	 2.26	 0.656167979	 	 20	 16.95	 0.656167979	
25	 2.26	 0.820209974	 	 25	 10.71	 0.820209974	
30	 1.84	 0.984251969	 	 30	 3.83	 0.984251969	
35	 2.38	 1.148293963	 	 35	 3.31	 1.148293963	
40	 3.14	 1.312335958	 	 40	 3.93	 1.312335958	
45	 5.12	 1.476377953	 	 45	 4.46	 1.476377953	
50	 6.44	 1.640419948	 	 50	 4.45	 1.640419948	
55	 7.19	 1.804461942	 	 55	 4.43	 1.804461942	
60	 7.08	 1.968503937	 	 60	 4.4	 1.968503937	
65	 6.93	 2.132545932	 	 65	 3.54	 2.132545932	
70	 8.72	 2.296587927	 	 70	 3.29	 2.296587927	
75	 9.57	 2.460629921	 	 75	 4.04	 2.460629921	
80	 9.11	 2.624671916	 	 80	 3.91	 2.624671916	
85	 8.32	 2.788713911	 	 85	 3.91	 2.788713911	
90	 7.21	 2.952755906	 	 90	 4.12	 2.952755906	
95	 5.95	 3.1167979	 	 95	 3.14	 3.1167979	
100	 7.68	 3.280839895	 	 100	 2.65	 3.280839895	
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105	 8.21	 3.44488189	 	 105	 2.99	 3.44488189	
110	 7.52	 3.608923885	 	 110	 3.84	 3.608923885	
115	 9.25	 3.772965879	 	 115	 4.24	 3.772965879	
120	 9.64	 3.937007874	 	 120	 3.41	 3.937007874	
125	 10.62	 4.101049869	 	 125	 4.88	 4.101049869	
130	 11.38	 4.265091864	 	 130	 3.3	 4.265091864	
135	 11.73	 4.429133858	 	 135	 3.79	 4.429133858	
138.2	 11.5	 4.534120735	 	 140	 3.37	 4.593175853	
	 	 	 	 145	 3.65	 4.757217848	
	 	 	 	 150	 3.86	 4.921259843	
	 	 	 	 155	 4.15	 5.085301837	
	 	 	 	 160	 4.13	 5.249343832	
	 	 	 	 165	 4.32	 5.413385827	
	 	 	 	 170	 4.65	 5.577427822	
	 	 	 	 175	 4.41	 5.741469816	
	 	 	 	 180	 4.35	 5.905511811	
	 	 	 	 185	 4.74	 6.069553806	
	 	 	 	 190	 4.14	 6.233595801	
	 	 	 	 195	 2.66	 6.397637795	
	 	 	 	 200	 2.85	 6.56167979	
	 	 	 	 205	 3.13	 6.725721785	
	 	 	 	 210	 2.98	 6.88976378	
	 	 	 	 215	 3.09	 7.053805774	
	 	 	 	 220	 3.82	 7.217847769	
	 	 	 	 225	 3.02	 7.381889764	
	 	 	 	 230	 3.64	 7.545931759	
	 	 	 	 235	 4.05	 7.709973753	
	 	 	 	 240	 4.08	 7.874015748	
	 	 	 	 245	 2.79	 8.038057743	
	 	 	 	 250	 2.31	 8.202099738	
	 	 	 	 255	 2.63	 8.366141732	
	 	 	 	 260	 2.77	 8.530183727	
	 	 	 	 265	 2.23	 8.694225722	
	 	 	 	 270	 2.86	 8.858267717	
	 	 	 	 275	 3.97	 9.022309711	
	 	 	 	 280	 3.45	 9.186351706	
	 	 	 	 285	 3.41	 9.350393701	
	 	 	 	 290	 3.72	 9.514435696	
	 	 	 	 295	 1.64	 9.67847769	
	 	 	 	 300	 2.11	 9.842519685	
	 	 	 	 305	 2.35	 10.00656168	
	 	 	 	 310	 1.86	 10.17060367	
	 	 	 	 315	 3.14	 10.33464567	
	 	 	 	 320	 3.66	 10.49868766	
	 	 	 	 325	 3.38	 10.66272966	
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	 	 	 	 330	 3.74	 10.82677165	
	 	 	 	 335	 4.29	 10.99081365	
	 	 	 	 340	 3.02	 11.15485564	
	 	 	 	 345	 2	 11.31889764	
	 	 	 	 350	 2.24	 11.48293963	
	 	 	 	 355	 2.9	 11.64698163	
	 	 	 	 360	 3.05	 11.81102362	
	 	 	 	 365	 3.74	 11.97506562	
	 	 	 	 370	 4.23	 12.13910761	
	 	 	 	 375	 4.33	 12.30314961	
	 	 	 	 380	 5.03	 12.4671916	
	 	 	 	 385	 4.99	 12.6312336	
	 	 	 	 390	 5.1	 12.79527559	
	 	 	 	 391.9	 5.2	 12.85761155	
	
	
Test	No.	 12	 		 		 Test	No.	 13	 		
Cone	area	 2	cm2	 	 	 Cone	area	 2	cm2	 		
Depth	org	 2.5	cm	 		 		 Depth	org	 10	cm	 		
	 	 	 	 	 	 	
Range	 qd	 depth	 	 Range	 qd	 depth	
cm	 MPa	 (ft)	 	 cm	 MPa	 (ft)	
5	 0.25	 0.164041995	 	 12.5	 0.92	 0.410104987	
10	 0.92	 0.32808399	 	 17.5	 0.72	 0.574146982	
15	 1.17	 0.492125984	 	 22.5	 1.11	 0.738188976	
20	 0.86	 0.656167979	 	 27.5	 1.65	 0.902230971	
25	 1.06	 0.820209974	 	 32.5	 2.28	 1.066272966	
30	 1.15	 0.984251969	 	 37.5	 2.5	 1.230314961	
35	 2.01	 1.148293963	 	 42.5	 2.58	 1.394356955	
40	 2.86	 1.312335958	 	 47.5	 3.28	 1.55839895	
45	 2.75	 1.476377953	 	 52.5	 1.65	 1.722440945	
50	 2.95	 1.640419948	 	 57.5	 2.21	 1.88648294	
55	 3.28	 1.804461942	 	 62.5	 2.38	 2.050524934	
60	 4.03	 1.968503937	 	 67.5	 2.18	 2.214566929	
65	 4.8	 2.132545932	 	 72.5	 3.32	 2.378608924	
70	 4.97	 2.296587927	 	 77.5	 4.51	 2.542650919	
75	 5.46	 2.460629921	 	 82.5	 5.61	 2.706692913	
80	 6.79	 2.624671916	 	 87.5	 6.03	 2.870734908	
85	 7.91	 2.788713911	 	 92.5	 6.64	 3.034776903	
90	 9.31	 2.952755906	 	 97.5	 7.09	 3.198818898	
95	 8.89	 3.1167979	 	 102.5	 5.48	 3.362860892	
100	 8.38	 3.280839895	 	 107.5	 5.69	 3.526902887	
105	 8.26	 3.44488189	 	 112.5	 5.69	 3.690944882	
110	 7.1	 3.608923885	 	 117.5	 5.1	 3.854986877	
115	 6.49	 3.772965879	 	 122.5	 7.17	 4.019028871	
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120	 7.19	 3.937007874	 	 127.5	 5.37	 4.183070866	
125	 7.87	 4.101049869	 	 132.5	 6.1	 4.347112861	
130	 7.24	 4.265091864	 	 137.5	 7.39	 4.511154856	
135	 6.84	 4.429133858	 	 142.5	 7.35	 4.67519685	
140	 8.3	 4.593175853	 	 147.5	 9.16	 4.839238845	
143.3	 7.43	 4.70144357	 	 152.5	 7.4	 5.00328084	
	 	 	 	 157.5	 7.36	 5.167322835	
	 	 	 	 162.5	 5.69	 5.331364829	
	 	 	 	 167.5	 6.21	 5.495406824	
	 	 	 	 172.5	 6.77	 5.659448819	
	 	 	 	 177.5	 6.72	 5.823490814	
	 	 	 	 182.5	 6.08	 5.987532808	
	 	 	 	 186.3	 7.08	 6.112204724	
	
	
Test	No.	 14	 		
Cone	area	 2	cm2	 		
Depth	org	 7	cm	 		
	 	 	
Range	 qd	 depth	
cm	 MPa	 (ft)	
10	 0.21	 0.32808399	
15	 0.24	 0.492125984	
20	 1.53	 0.656167979	
25	 2.1	 0.820209974	
30	 1.76	 0.984251969	
35	 1.69	 1.148293963	
40	 1.2	 1.312335958	
45	 2.33	 1.476377953	
50	 2.95	 1.640419948	
55	 2.81	 1.804461942	
60	 2.71	 1.968503937	
65	 2.48	 2.132545932	
70	 2.28	 2.296587927	
75	 1.86	 2.460629921	
80	 1.93	 2.624671916	
85	 1.7	 2.788713911	
90	 0.68	 2.952755906	
95	 0.99	 3.1167979	
100	 0.99	 3.280839895	
105	 0.62	 3.44488189	
110	 0.34	 3.608923885	
115	 0.19	 3.772965879	
120	 0.23	 3.937007874	
125	 0.31	 4.101049869	
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130	 0.67	 4.265091864	
135	 0.78	 4.429133858	
140	 1	 4.593175853	
145	 2.14	 4.757217848	
150	 2.31	 4.921259843	
155	 3.69	 5.085301837	
160	 4.85	 5.249343832	
165	 4.79	 5.413385827	
170	 5.87	 5.577427822	
175	 7.04	 5.741469816	
180	 7.84	 5.905511811	
185	 8.57	 6.069553806	
190	 8.25	 6.233595801	
195	 7.6	 6.397637795	
199.1	 8.4	 6.532152231	
	
	
	
